EQUINE

NUTRITION
& FEEDING




EQUINE NUTRITION
AND FEEDING

THIRD EDITION

DAVID FRAPE
PhD, CBiol, FIBiol, FRCPath

( Blackwell
’ Publishing






EQUINE NUTRITION
AND FEEDING






EQUINE NUTRITION
AND FEEDING

THIRD EDITION

DAVID FRAPE
PhD, CBiol, FIBiol, FRCPath

( Blackwell
’ Publishing



© 1986 by Longman Group UK Ltd
© 1998, 2004 by Blackwell Publishing Ltd

Editorial Offices:

Blackwell Publishing Ltd, 9600 Garsington Road, Oxford OX4 2DQ, UK
Tel: +44 (0)1865 776868

Blackwell Publishing Professional, 2121 State Avenue, Ames, lowa 50014-8300, USA
Tel: +1 515 292 0140

Blackwell Publishing Asia Pty Ltd, 550 Swanston Street, Carlton, Victoria 3053, Australia
Tel: +61 (0)3 8359 1011

The right of the Author to be identified as the Author of this Work has been asserted in accordance with
the Copyright, Designs and Patents Act 1988.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or
transmitted, in any form or by any means, electronic, mechanical, photocopying, recording or
otherwise, except as permitted by the UK Copyright, Designs and Patents Act 1988, without the prior
permission of the publisher.

First published 1986 by Longman Group UK Ltd
Second edition published 1998 by Blackwell Science
Reissued in paperback 1998

Third edition published 2004 by Blackwell Publishing

Library of Congress Cataloging-in-Publication Data
Frape, David L. (David Lawrence), 1929—
Equine nutrition and feeding / David Frape. — 3rd ed.
p. cm.
Includes bibliographical references (p. ).
ISBN 1-4051-0598-4 (alk. paper)
1. Horses — Feeding and feeds. 2. Horses — Nutrition. 1. Title.

SF285.5.F73 2004
636.1°085 — dc22
2004043712

ISBN 1-4051-0598-4
A catalogue record for this title is available from the British Library

Set in 10/13 pt Times

by SNP Best-set Typesetter Ltd., Hong Kong
Printed and bound in India

by Replika Press Pvt. Ltd, Kundli 131028

The publisher’s policy is to use permanent paper from mills that operate a sustainable forestry policy,
and which has been manufactured from pulp processed using acid-free and elementary chlorine-free
practices. Furthermore, the publisher ensures that the text paper and cover board used have met
acceptable environmental accreditation standards.

For further information on Blackwell Publishing, visit our website:
www.blackwellpublishing.com



Contents

Introduction to the Third Edition

Acknowledgements

List of Abbreviations

1

O o0 N N B W

10
11
12

Appendix A: Example Calculation of Dietary Composition Required
for a 400kg Mare in the Fourth Month of Lactation

Appendix B: Common Dietary Errors in Studs and Racing Stables

Appendix C: Chemical Composition of Feedstuffs Used for Horses

The Digestive System

Utilization of the Products of Dietary Energy and Protein
The Roles of Major Minerals and Trace Elements
Vitamin and Water Requirements

Ingredients of Horse Feeds

Estimating Nutrient Requirements

Feeding the Breeding Mare, Foal and Stallion

Growth

Feeding for Performance and the Metabolism
of Nutrients During Exercise

Grassland and Pasture Management

Pests and Ailments Related to Grazing Area, Diet and Housing

Laboratory Methods for Assessing Nutritional Status
and Some Dietary Options

vii

X

30
51
88
116
186
244
277

300
366
423

487

506
510
515



vi Contents

Appendix D: Estimates of Base Excess of a Diet and of Blood Plasma
Glossary

References and Bibliography

Conclusion

Index

525
527
568
635
636



Introduction to the Third Edition

The increased attention given to equine nutritional issues during the last 6-7 years
by research groups around the world, has prompted me to revise the 2™ edition of
this book. The preparation of this edition entailed the careful reading of the previ-
ous edition and with it the embarrassing discovery of a few errors, including one or
two in equations, which I have now corrected.

It has been necessary to revise all chapters and other sections, some to a greater
extent than others. The increased understanding of gastrointestinal tract function
has led to a considerable number of changes to Chapters 1 and 2. The volume of
work that has been undertaken with regard to skeletal growth and development
(Chapters 7 and 8) has partly explained the mechanisms involved in endochondral
ossification, but the story is incomplete. Work has been undertaken into the
causes of several metabolic diseases (Chapter 11), but as yet their aetiology is
obscure. The role of calcium in bone formation has been understood for many
years, yet recent evidence has required that dietary needs be revised (Chapter 3). A
similar situation has arisen with several vitamins and other minerals/trace minerals
to which reference is made in Chapters 3 and 4. A brief account of several novel
feeds, supplements and toxins is given and this has led to the extension of Chapter
5. Exercise physiology has continued to interest many research groups so that
Chapters 6 and 9 have been revised. This has included a summary of procedures
adopted, both historically and today, to measure energy consumption. Novel acro-
nyms and terms have invaded scientific speech for which textual definitions are
given.

A note on nomenclature: EC numbers have been used throughout when referring
to specific enzymes. More detailed information about this system may be found in
Chapter 12, p. 488.

Finally, I trust that an immanent characteristic of this 3" edition is as a source
reference for each of the more recent and important pieces of evidence in each of
the areas covered. This may assist research workers and provide students with what
I hope is a useful brief account upon which they might base their future activities;

Vii



viii Introduction to the Third Edition

but I must pay tribute to the authors of the papers upon which these pages have
depended. Whereas valid disagreements in the literature have been aired, an eclec-
tic set of references has, I hope, been distilled into a readable and comprehensible
discourse.

David Frape
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Chapter 1
The Digestive System

A horse which is kept to dry meat will often slaver at the mouth. If he champs his hay and corn,
and puts it out agaiin, it arises from some fault in the grinders . . . there will sometimes be great
holes cut with his grinders in the weaks of his mouth. First file his grinders quite smooth with
a file made for the purpose.

Francis Clater, 1786

Horses are ungulates and, according to J.Z. Young (1950), are members of the order
Perissodactyla. Other extant members include asses, zebras, rhinoceroses and
tapirs. Distinctive characteristics of the order are the development of the teeth, the
lower limb with the peculiar plan of the carpus and tarsus bones and the evolution
of the hind gut into chambers for fermentation of ingesta. Each of these distinctive
features will play significant roles in the discussions in this text.

The domesticated horse consumes a variety of feeds ranging in physical form
from forage with a high content of moisture to cereals with large amounts of starch,
and from hay in the form of physically long fibrous stems to salt licks and water. In
contrast, the wild horse has evolved and adapted to a grazing and browsing exist-
ence, in which it selects succulent forages containing relatively large amounts of
water, soluble proteins, lipids, sugars and structural carbohydrates, but little starch.
Short periods of feeding occur throughout most of the day and night, although
generally these are of greater intensity in daylight. In domesticating the horse, man
has generally restricted its feeding time and introduced unfamiliar materials, par-
ticularly starchy cereals, protein concentrates and dried forages. The art of feeding
gained by long experience is to ensure that these materials meet the varied require-
ments of horses without causing digestive and metabolic upsets. Thus, an under-
standing of the form and function of the alimentary canal is fundamental to a
discussion of feeding and nutrition of the horse.

THE MOUTH

Eating rates of horses, cattle and sheep

The lips, tongue and teeth of the horse are ideally suited for the prehension,
ingestion and alteration of the physical form of feed to that suitable for propulsion
through the gastrointestinal (GI) tract in a state that facilitates admixture with
digestive juices. The upper lip is strong, mobile and sensitive and is used

1



2 Equine Nutrition and Feeding

during grazing to place forage between the teeth; in the cow the tongue is used
for this purpose. By contrast, the horse’s tongue moves ingested material to the
cheek teeth for grinding. The lips are also used as a funnel through which water is
sucked.

As distinct from cattle, the horse has both upper and lower incisors enabling it to
graze closely by shearing off forage. More intensive mastication by the horse means
that the ingestion rate of long hay, per kilogram of metabolic body weight (BW), is
three to four times faster in cattle and sheep than it is in ponies and horses, although
the number of chews per minute, according to published observations, is similar
(73-92 for horses and 73-115 for sheep) for long hays. The dry matter (DM) intake
per kilogram of metabolic BW for each chew is then 2.5mg in horses (I calculate it
to be even less) and 5.6-6.9 mg in sheep. Consequently, the horse needs longer daily
periods of grazing than do sheep. The lateral and vertical movements of the horse’s
jaw, accompanied by profuse salivation, enable the cheek teeth to comminute long
hay to a greater extent and the small particles coated with mucus are suitable for
swallowing. Sound teeth generally reduce hay and grass particles to less than 1.6 mm
in length. Two-thirds of hay particles in the horse’s stomach are less than 1 mm
across, according to work by Meyer and colleagues (Meyer et al. 1975b).

The number of chewing movements for roughage is considerably greater than
that required for chewing concentrates. Horses make between 800 and 1200 chew-
ing movements per 1kg concentrates, whereas 1kg long hay requires between 3000
and 3500 movements. In ponies, chewing is even more protracted — they require
5000-8000 chewing movements per 1 kg concentrates alone, and very many more for
hay (Meyer et al. 1975b). Hay chewing, cf. pellets, by both horses and ponies, is
protracted, with a lower chewing-cycle frequency, as the mandibular displacement is
greater, both vertically and horizontally. Clayton et al. (2003) concluded, from this
observation, that the development of sharp enamel points is more likely with a high
concentrate diet.

Dentition

As indicated above, teeth are vital to the well-being of horses. Diseased teeth are an
encumbrance. Primary disorders of the cheek teeth represented 87% of the dental
disorders in 400 horses referred to Dixon et al. (2000a). The disorders included
abnormalities of wear, traumatic damage and fractures from which the response to
treatment was good.

Evidence has shown that abnormal or diseased teeth can cause digestive distur-
bances and colic. Apparent fibre digestibility, the proportion of faecal short fibre
particles and plasma free fatty acids were all increased after dental correction of
mares. Consequently, diseased teeth and badly worn teeth, as in the geriatric horse,
can limit the horse’s ability to handle roughage and may compromise general health.
The apparent digestibility of the protein and fibre in hay and grain is reduced if the
occlusal angle of premolar 307 is greater than 80° relative to the vertical angle
(flattened) (Ralston et al. 2001). Infections of cheek teeth are not uncommon and
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Dixon et al. (2000b) found that nasal discharge was more frequent with infections of
caudal than with rostral maxillary teeth.

The normal horse has two sets of teeth. The first to appear, the deciduous, or
temporary milk, teeth erupt during early life and are replaced during growth by the
permanent teeth. The permanent incisors and permanent cheek teeth erupt continu-
ously to compensate for wear and their changing form provides a basis for assessing
the age of a horse. In the gap along the jaw between the incisors and the cheek teeth
the male horse normally has a set of small canine teeth. The gap, by happy chance,
securely locates the bit. The dental formulae and configuration of both deciduous
and permanent teeth are given in Fig. 1.1. The lower cheek teeth are implanted in
the mandible in two straight rows that diverge towards the back. The space between
the rows of teeth in the lower jaw is less than that separating the upper teeth (Fig.
1.1). This accommodates a sideways, or circular, movement of the jaw that effec-
tively shears feed. The action leads to a distinctive pattern of wear of the biting
surface of the exposed crown. This pattern results from the differences in hardness
which characterize the three materials (cement, enamel and dentine) of which teeth
are composed. The enamel, being the hardest, stands out in the form of sharp
prominent ridges. It is estimated that the enamel ridges of an upper cheek tooth in
a young adult horse, if straightened out, would form a line more than 30cm (1ft)
long. This irregular surface provides a very efficient grinding organ.

Horses and ponies rely more on their teeth than we do. People might be labelled
concentrate eaters; concentrates require much less chewing than does roughage.
Even among herbivores, horses and ponies depend to a far greater extent on their
teeth than do the domesticated ruminants — cattle, sheep and goats. Ruminants, as
discussed in ‘Eating rates of horses, cattle and sheep’, swallow grass and hay with
minimal chewing and then depend on the activity of bacteria in the rumen to disrupt
the fibre. This is then much more readily fragmented during chewing the cud.

Saliva

The physical presence of feed material in the mouth stimulates the secretion of a
copious amount of saliva. Some 10-121 are secreted daily in a horse fed normally.
This fluid seems to have no digestive enzyme activity, but its mucus content enables
it to function as an efficient lubricant preventing ‘choke’. Its bicarbonate content,
amounting to some 50mEq/l, provides it with a buffering capacity. The concentra-
tion of bicarbonate and sodium chloride in the saliva is, however, directly propor-
tional to the rate of secretion and so increases during feeding. The continuous
secretion of saliva during eating seems to buffer the digesta in the proximal region
of the stomach, permitting some microbial fermentation with the production of
lactate. This has important implications for the well-being of the horse (see Chapter
11).

Obstruction of the oesophagus by impacted feed or foreign bodies is not uncom-
mon. To facilitate nutritional support during treatment of oesophageal perforation,
a cervical oesophagotomy tube is placed and advanced into the stomach (Read et al.



4 Equine Nutrition and Feeding
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Fig. 1.1 Configuration of permanent teeth in the upper or lower jaw (the molars and premolars in the
lower jaw are slightly closer to the midline). The deciduous teeth on each side of each jaw are: three
incisors, one canine, three molars. The deciduous canines are vestigial and do not erupt. The wolf teeth
(present in the upper jaw of about 30% of fillies and about 65% of colts) are often extracted as their sharp
tips can injure cheeks when a snaffle bit is used. Months (in parentheses) are approximate ages at which
permanent incisors and canines erupt, replacing the deciduous teeth.

2002). An enteral diet includes an electrolyte mixture (partly to compensate for
salivary electrolyte losses through the oesophagotomy site), sucrose (1.2kg/d),
casein, canola rapeseed oil (1.11/d) and dehydrated alfalfa pellets. A nasogastric
tube is subsequently introduced to allow repair of the oesophagotomy site.
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THE STOMACH AND SMALL INTESTINE

The first quantitative aspects of digestion were demonstrated by Waldinger in 1808
with the passage of capsulated feedstuff through the intestines. Intensive studies
concerning the physiology of digestion were started in Paris around 1850 by Colin,
but they proceeded predominately from 1880 in Dresden by Ellenberger and
Hofmeister who investigated the mouth, stomach and small intestine. Scheunert
continued with work on the large intestine in Dresden and Leipzig until the 1920s.
Although the apparent digestibility of cellulose was appreciated by 1865 it took
another 20 years for the discovery of the process of microbial digestion in the equine
large intestine. Until 1950 most routine equine digestibility experiments were con-
ducted in Germany, France and the USA (Klingeberg-Kraus 2001), while compara-
tive studies were conducted by Phillipson, Elsden and colleagues at Cambridge in
the 1940s.

Development of the gastrointestinal (GI) tract and associated organs

The GI tract tissue of the neonatal foal weighs only 35 g/kg BW, whereas the liver is
large, nearly in the same proportion to BW, acting as a nutrient store for the early
critical days. By six months of age the GI tract tissue has proportionately increased
to 60g/kg BW, whereas the liver has proportionately decreased to about 12-14 g/kg
BW. By 12 months both these organs have stabilized at 45-50g/kg BW for the GI
tract and 10 g/kg BW for the liver. Organ size is also influenced by the activity of the
horse. After a meal, the liver of mammals generally increases rapidly in weight,
probably as a result of glycogen storage and blood flow. In the horse the consump-
tion of hay has less impact on liver glycogen, so that following a meal of hay the liver
weighs only three-quarters of that following mixed feed. Moreover, during and
immediately after exercise the GI tract tissue weighs significantly less than in horses
at rest, owing to the shunting of blood away from the mesenteric blood vessels to the
muscles. At rest about 30% of the cardiac output flows through the hepatic portal
system. More about these aspects is discussed in Chapter 9.

Surprisingly, the small intestine does not materially increase in length from 4
weeks of age, whereas the large intestine increases with age, the colon doing so until
20 years at least. The distal regions of the large intestine continue extension to a
greater age than do the proximal regions. This development reflects the increasing
reliance of the older animal on roughage. In an adult horse of 500kg BW the small
intestine is approximately 16m in length, the caecum has a maximum length of
about 0.8 m, the ascending colon 3m and the descending colon 2.8 m.

Transit of digesta through the GI tract

The residence time for ingesta in each section of the GI tract allows for its adequate
admixture with GI secretions, for hydrolysis by digestive enzymes, for absorption of
the resulting products, for fermentation of resistant material by bacteria and for the
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absorption of the products of that fermentation. Transit time through the GI tract is
normally considered in three phases, owing to their entirely different characteristics.
These phases are:

(1) expulsion rate from the stomach into the duodenum after a meal;
(2) rate of passage through the small intestine to the ileocaecal orifice;
(3) retention time in the large intestine.

The first of these will be considered below in relation to gastric disorders. Rate of
passage of digesta through the small intestine varies with feed type. On pasture this
rate is accelerated, although a previous feed of hay causes a decrease in the rate of
the succeeding meal, with implications for exercise (see Chapter 9). Roughage is
held in the large intestine for a considerable period that allows microbial fermenta-
tion time to break down structural carbohydrates. However, equine GI transit time
of the residue of high fibre diets is less than that of low fibre diets of the same
particle size, in common with the relationship found in other monogastric animals.

Digestive function of the stomach

The stomach of the adult horse is a small organ, its volume comprising about 10%
of the GI tract (Fig. 1.2, Plate 1.1). In the suckling foal, however, the stomach
capacity represents a larger proportion of the total alimentary tract. Most digesta
are held in the stomach for a comparatively short time, but this organ is rarely
completely empty and a significant portion of the digesta may remain in it for two to
six hours. Some digesta pass into the duodenum shortly after eating starts, when
fresh ingesta enter the stomach. Expulsion into the duodenum is apparently
arrested as soon as feeding stops. When a horse drinks, a high proportion of the
water passes along the curvature of the stomach wall so that mixing with digesta and
dilution of the digestive juices it contains are avoided. This process is particularly
noticeable when digesta largely fill the stomach.

The entrance to the stomach is guarded by a powerful muscular valve called the
cardiac sphincter. Although a horse may feel nauseated, it rarely vomits, partly
because of the way this valve functions. This too has important consequences.
Despite extreme abdominal pressure the cardiac sphincter is reluctant to relax in
order to permit the regurgitation of feed or gas. On the rare occasions when
vomiting does occur, ingesta usually rush out through the nostrils, owing to the
existence of a long soft palate. Such an event may indicate a ruptured stomach.

Gastric anatomy differentiates the equine stomach from that of other
monogastrics. Apart from the considerable strengths of the cardiac and pyloric
sphincters, almost half the mucosal surface is lined with squamous, instead of
glandular, epithelium. The glandular mucosa is divided into fundic and pyloric
regions (Fig. 1.2). The fundic mucosa contains both parietal cells that secrete hydro-
chloric acid (HCI) and zymogen cells which secrete pepsin, while the polypeptide
hormone gastrin is secreted into the blood plasma by the pyloric region. The



The stomach and small intestine

To rectum

N

Origin of small colon Large
Pelvic intestine (65%)
flexure

Diaphragmatic

flexure

[leocaecal ' . Sternal
valve flexure

Caecum

Ileum .
Duodenum Jejunum
\ o

Oesophagus —

Small
intestine (27%)

Pyloric
gland region

Saccus
caecus

Oesophageal
region

Stomach (7.5%)

Fundus
gland region

Fig. 1.2 Gl tract of adult horse (relative volumes are given in parentheses).



8 Equine Nutrition and Feeding

Plate 1.1 Stomach of a 550kg TB mare, capacity 8.41, measuring about 20 x 30 x 15cm. Acid fermen-
tation of stomach contents takes place in the saccus caecus (top).

hormone’s secretion is triggered by a meal, and equine studies in Sweden show that
a mechanism of the gastric phase of release seems to be distension of the stomach
wall by feed, but not the sight of feed. The greatest and most prolonged gastrin
secretion occurs when horses eat hay freely (A. Sandin personal communication). In
the horse gastrin does not seem to act as a stress hormone. The hormone strongly
stimulates secretion of gastric acid and the daily secretion and release of gastric juice
into the stomach amounts to some 10-301. Secretion of gastric juice continues even
during fasting, although the rate seems to vary from hour to hour.

HCl secretion continues, but declines gradually at a variable rate when the stom-
ach is nearly empty and hence at that time the pH is around 1.5-2.0. The pH rises
rapidly during a subsequent meal, especially that of grain only, partly as a conse-
quence of a delay in gastrin secretion, compared with the more rapid gastrin re-
sponse to hay. The act of eating stimulates the flow of saliva — a source of sodium,
potassium, bicarbonate and chloride ions. Saliva’s buffering power retards the rate
at which the pH of the stomach contents decreases. This action, combined with a
stratification of the ingesta, brings about marked differences in the pH of different
regions (about 5.4 in the fundic region and 2.6 in the pyloric region).
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Fermentation, primarily yielding lactic acid, occurs in the oesophageal and fundic
regions of the stomach, but particularly in that part known as the saccus caecus,
lined by the squamous cells. As digesta approach the pylorus at the distal end of the
stomach, the gastric pH falls, owing to the secretion of the HCI, which potentiates
the proteolytic activity of pepsin and arrests that of fermentation. The activity of
pepsin in the pyloric region is some 15-20 times greater than in the fundic. Because
of the stomach’s small size and consequentially the relatively short dwell time, the
degree of protein digestion is slight.

Gastric malfunction

Professor Meyer and his colleagues in Hanover (Meyer et al. 1975a) have made
detailed investigations of the flow of ingesta and digesta through the GI tract of
horses. In so far as the stomach is concerned their thesis is that abnormal gastric
fermentation occurs when the postprandial dry matter content of the stomach
is particularly high and a low pH is not achieved. There is, nevertheless, con-
siderable layering and a differentiation in pH between the saccus caecus and
pyloric region. Fermentation is therefore a normal characteristic of the region
of higher pH and in that region the larger roughage particles tend to float. However,
the dry-matter content, generally, is considerably lower following a meal of
roughage than it is following one of cereals. After meals of 1kg loose hay and 1kg
pelleted cereals the resulting gastric dry matters were, respectively, 211 and 291 g/kg
contents.

The Hanover group compared long roughage with that which was chopped,
ground or pelleted and observed that, as particle size of roughage was decreased,
the gastric dry matter contents decreased from 186 to 132g/kg contents and the
rate of passage of ingesta through the stomach increased. The reason for this is
probably that it is the finely divided material in a gastric slurry which passes first to
the intestines. The slurry is forced into the duodenum by contractions termed
antral systole at the rate of about three per minute. Nevertheless, it should be
recalled that particle size is generally small as a result of comminution by the
molars. With larger meals of pelleted cereal, up to 2.5kg/meal, the gastric dry
matter content attained 400 g/kg, and the pH was 5.6-5.8, for as long as two to three
hours after consumption. The dry matter accumulated faster than it was ejected into
the duodenum, and as cereals could be consumed more rapidly than hay, with a
lower secretion of saliva, the dry matter of the stomach was higher following large
meals of cereals. As much as 10-20% of a relatively small meal of concentrates
(given at the rate of 0.4% BW) has been found to remain in the stomach six hours
after feeding ponies. A high dry-matter content acts as a potent buffer of the HCl in
gastric juice and the glutinous nature of cereal ingesta inhibits the penetration of
cereal ingesta by those juices.

Together with the delay in gastrin release during a cereal meal, these factors could
account for the failure of the postprandial pH to fall to levels that inhibit further
microbial growth and fermentation. Lactic-acid producing bacteria (Lactobacilli
and Streptococci) thrive (also see Probiotics, Chapter 5). Whereas Streptococci do
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not produce gas, some Lactobacillus species produce carbon dioxide, thrive at a pH
of 5.5-6.0 and even grow in the range 4.0-6.8, some strains growing in conditions as
acid as pH 3.5. The pH of the gastric contents will even increase to levels that permit
non-lactic-acid-producing, gas-producing bacteria to survive, producing large
amounts of volatile fatty acids (VFAs). Gas production at a rate greater than that at
which it can be absorbed into the bloodstream causes gastric tympany, and even
gastric rupture, and hence it is desirable that the postprandial gastric pH falls
sufficiently to arrest most bacterial growth and, in fact, to kill potential pathogens.

Gastric ulceration

The stratified squamous epithelial mucosa of the equine stomach exists in a poten-
tially highly acidic environment and is susceptible to damage by HCI and pepsin.
Bile, which is found in significant amounts in the stomach during long fasts, in-
creases the risk of damage (Berschneider et al. 1999). Routine post-mortem exami-
nation of 195 Thoroughbreds (TBs) in Hong Kong (Hammond et al. 1986) revealed
that 66% had suffered gastric ulceration. In TBs taken directly from training the
frequency was 80%, whereas it was only 52% among those that had been retired for
a month or more. The lesions seem to be progressive during training, but to regress
during retirement. These lesions are not restricted to adult horses. Neonatal foals
are able to produce highly acidic gastric secretions as early as two days old, and the
mean pH of the glandular mucosal surface and fluid contents of 18 foals at 20 days
old were 2.1 and 1.8, respectively (Murray & Mahaffey 1993). Ulceration and
erosion occur in the gastric squamous mucosa, particularly that adjacent to the
margo plicatus, as the squamous epithelial mucosa lacks the protective processes,
especially the mucus-bicarbonate barrier, possessed by the glandular mucosa.

Observations by the research group in Hanover showed that clinical signs
of periprandial colic and bruxism (grinding of teeth) were more pronounced in
horses with the most severe gastric lesions of diffuse ulcerative gastritis. Their
further evidence showed that ponies receiving hay only were free from lesions,
whereas 14 out of 31 receiving concentrates had ulcerative lesions (see Chapter
11).

Although treatment with omeprazole, cimetidine or ranitidine, is effective, one
must wonder whether infection plays a part in the equine syndrome (as it frequently
does in man, where the organisms shrewdly protect themselves from acid by urease
secretion with an acid pH optimum), as periprandial microbial activity and pH of
gastric contents are higher in concentrate-fed animals. Moreover, the pH is lowest
during a fast. If this proposal is true then quite different prophylaxis and treatment
should be chosen.

Digestion in the small intestine

The 450kg horse has a relatively short small intestine, 21-25m in length, through
which transit of digesta is quite rapid, some appearing in the caecum within 45 min



The stomach and small intestine 11

after a meal. Much of the digesta moves through the small intestine at the rate of
nearly 30 cm/min. Motility of the small intestine is under both neural and hormonal
control. Of a liquid marker instilled into the stomach of a pony, 50% reached the
distal ileum in 1 hour, and by 1.5 hours after instillation 25% was present in the
caecum (Merritt 1992 pers. comm.). The grazing horse has access to feed at all times
and comparisons of quantities of feed consumed, where there is ad libitum access
with similar quantities given following a 12-hour fast, showed that the transit of feed
from stomach to the caecum is much more rapid following the fast.

To estimate transit time monofilament polyester bags with a pore size of 41 um
and containing 200 or 130mg feed can be introduced into the stomach via a
nasogastric tube and recovered in the faeces after transit times of 10 to 154 hours.
Transit times and digestibility in the small intestine may be estimated following
capture of the bags from near the ileocaecal valve with a magnet (Hyslop et al.
1998d). Caution should, however, be exercised in the interpretation of precaecal N-
digestibility values, which can be considerably higher from the mobile bag cf. the
ileal-fistula technique (Macheboeuf et al. 2003).

In consequence of the rapid transit of ingesta through the small intestine, it is
surprising how much digestion and absorption apparently occur there. Although
differences in the composition of digesta entering the large intestine can be detected
with a change in diet, it is a considerably more uniform material than that entering
the rumen of the cow. This fact has notable practical and physiological significance
in the nutrition and well-being of the horse. The nature of the material leaving the
small intestine is described as fibrous feed residues, undigested feed starch and
protein, microorganisms, intestinal secretions and cell debris.

Digestive secretions

Large quantities of pancreatic juice are secreted as a result of the presence of food
in the stomach in response to stimuli mediated by vagal nerve fibres, and by gastric
HCI in the duodenum stimulating the release into the blood of the polypeptide
hormone secretin. In fact, although secretion is continuous, the rate of pancreatic
juice secretion increases by some four to five times when feed is first given. This
secretion, which enters the duodenum, has a low order of enzymatic activity, but
provides large quantities of fluid and sodium, potassium, chloride and bicarbonate
ions. Some active trypsin is, however, present. There is conflicting evidence for the
presence of lipase in pancreatic secretions, and bile, secreted by the liver, probably
exerts a greater, but different, influence over fat digestion. The stimulation of
pancreatic juice secretion does not increase its bicarbonate content, as occurs in
other species. The bicarbonate content of digesta increases in the ileum, where it is
secreted in exchange for chloride, so providing a buffer to large intestinal volatile
fatty acids (VFA) (see ‘Products of fermentation’, this chapter).

The horse lacks a gall bladder, but stimulation of bile is also caused by the
presence of gastric HCI in the duodenum. Secretion of pancreatic juice and bile
ceases after a fast of 48 hours. Bile is both an excretion and a digestive secretion. As
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a reservoir of alkali it helps preserve an optimal reaction in the intestine for the
functioning of digestive enzymes secreted there. In the horse, the pH of the digesta
leaving the stomach rapidly rises to slightly over 7.0.

Carbohydrates

The ability of the horse to digest soluble carbohydrates and the efficiency of the
mucosal monosaccharide transport systems of the small intestine have been estab-
lished by a series of oral disaccharide and monosaccharide tolerance tests (Roberts
1975b). This ability is important to an understanding of certain digestive upsets to
which the horse is subject.

A high proportion of the energy sources consumed by the working horse contains
cereal starches. These consist of relatively long, branched chains, the links of which
are a-D-glucose molecules joined as shown in Fig. 1.3. Absorption into the blood-
stream depends on the disruption of the bonds linking the glucose molecules. This is
contingent entirely upon enzymes secreted in the small intestine. These are held on
the brush border of the villi in the form of c-amylase (secreted by the pancreas) and
as a-glucosidases (secreted by the intestinal mucosa) (see Table 1.1).

The secretions of the pancreatic juice release sufficient oligosaccharides for fur-
ther hydrolysis by the brush border enzymes at the intestinal cell surface (Roberts
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Fig. 1.3 Diagrammatic representation of three glucose units in two carbohydrate chains (the starch
granule also contains amylopectin, which has both 1-4 linkages and 1-6 linkages). Arrows indicate site of
intermediate digestion.
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Table 1.1 Carbohydrate digestion in the small intestine.

Substrate Enzyme Product

Starch o-Amylase Limiting dextrins
(about 34 glucose
units)

Limit dextrins  o-Glucosidases Glucose

(glucoamylase, maltase
and isomaltase)

Sucrose Sucrase Fructose and glucose
Lactose Neutral-B-galactosidase Glucose and galactose
(lactase)

1975a). Active carrier mediated mechanisms then transport the final hexose
products across the intestinal cell for uptake in the hepatic portal system. The
digestive system can, however, be overloaded. Ponies weighing 266kg BW were
given 4kg feed/day, as oat hulls:naked oats 2:1 (i.e. 1.33kg naked oats). This led to
changes in intracaecal fermentation, indicating that there was oat starch reaching
that organ, although the intracaecal pH did not decrease below 6.5 (Moore-Colyer
et al. 1997). Starch fermentation in the hind-gut and its consequences are discussed
below and in Chapters 2 and 11.

The concentration of a-amylase in the pancreatic juice of the horse is only 5-6%
of that in the pig, whereas the concentration of o-glucosidase is comparable
with that in many other domestic mammals. The o-glucosidases (disaccharidases)
include sucrase, the disaccharidase present in concentrations five times that of
glucoamylase and capable of digesting sucrose. Sucrase activity is highest in the
proximal small intestine and, whereas its activity is similar to that reported for other
non-ruminant species, maltase activity is extremely high in comparison with that
reported for other species. Maltase activity is expressed similarly in proximal, mid
and distal regions. D-glucose and D-galactose are transported across the equine
intestinal brush border membrane by a high affinity, low capacity, Na"/glucose
cotransporter typel isoform (SGLT1) with rates of transport in the order, duode-
num > jejunum > ileum (Dyer et al. 2002).

Another important disaccharidase in the intestinal juice is the B-glucosidase,
neutral B-galactosidase (neutral or brush-border lactase), which is necessary for the
digestion of milk sugar in the foal. This enzyme has a pH optimum of around 6.0.
Whereas functional lactase is expressed all along the small intestine of the adult
horse, the activity is less than that in the immature horse (Dyer et al. 2002), thus large
quantities of dietary lactose may cause digestive upsets and adult horses are rela-
tively lactose intolerant.

Healthy horses of all ages can absorb a glucose: galactose mixture without any
change in the faeces. The relative intolerance is due to reduced lactose hydrolysis
and does not normally involve the monosaccharide transport systems or malabsorp-
tion. If a suckling foal, or one given cow’s milk, lacks an active form of the enzyme, it
suffers from diarrhoea. An oral lactose tolerance test (1 g/kg BW as a 20% solution)
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could be of clinical value to determine small intestinal mucosal damage in diarrhoeic
foals, when the continued ingestion of lactose might be detrimental. The deficient
digestion or malabsorption of carbohydrate, whether primary or secondary, can
almost always be localized to a defect in the enzymic, or transport, capacity of the
small intestinal surface cell (see Chapter 11).

Lindemann et al. (1983) gave adult horses lactose or maize starch at 2g/kg BW
daily before a feed of wheat straw, or mixed with a diet of concentrate. Apparent
precaecal digestibility of lactose was 38% and 71% in the straw and concentrate
periods respectively and that of starch in those periods 88% and 93%. For straw
about 1.2 g and for concentrate 0.6 g lactose per kg BW flowed into the caecum daily,
leading to higher caecal VFA concentrations and a lower caecal pH with lactose
than with starch in the straw period. Ileocaecal water flow reached 16.5 and 8.2kg/
kg feed DM with lactose in the straw and concentrate periods respectively, com-
pared with 15.2 and 7.0kg/kg with starch. The 38% and 71% apparent precaecal
digestibility of lactose may partly reflect microbial fermentation in the ileum. Faecal
looseness with the feeding of lactose is explicable.

Proteins

The amount of protein hydrolysed in the small intestine is about three times that in
the stomach. Proteins are in the form of long folded chains, the links of which are
represented by amino acid residues. For proteins to be digested and utilized by the
horse these amino acids must usually be freed, although the gut mucosal cells can
absorb dipeptides. The enzymes responsible are amino-peptidases and carboxy-
peptidases secreted by the wall of the small intestine.

The loss of digesta from polyester bags passing from the stomach to the caecum,
and containing either unmolassed sugar beet pulp, hay cubes, soya hulls or a 2:1
mixture of oat hulls:naked oats, has been measured (Moore-Colyer et al. (1997).
The results (Table 1.2) indicate that beet pulp would be subject to greater hind-gut
fermentation than would the other feeds.

Table 1.2 In sacco organic matter and crude protein (CP) disappearance from the DM or from the CP,
in polyester bags during passage from the stomach to the caecum of Welsh cross ponies (Moore-Colyer
et al. 1997).

Component disappearance from the small intestine

Organic matter Crude protein, Digestible crude protein
g/kg (DM) g/kg (CP) g/kg (DM)

Sugar beet pulp 185 296 30

Hay cubes 294 521 52

Soya hulls 239 597 60

Oat hulls:naked oats, 2:1 337 771 54
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Fats

The horse differs from the ruminant in that the composition of its body fat is
influenced by the composition of dietary fat. This suggests that fats are digested and
absorbed from the small intestine before they can be altered by the bacteria of the
large intestine. The small intestine is the primary site for the absorption of dietary
fat and long-chain fatty acids. Bile continuously draining from the liver facilitates
this by promoting emulsification of fat, chiefly through the agency of bile salts. The
emulsification increases the fat—water interface so that the enzyme lipase may more
readily hydrolyse neutral fats to fatty acids and glycerol. These are readily absorbed,
although it is possible that a considerable proportion of dietary fat, as finely emul-
sified particles of neutral fat (triacylglycerols, TAG), is absorbed into the lymphatic
system and transported as a lipoprotein in chylomicrons. Many research workers
have demonstrated that horses digest fat quite efficiently and that the addition of
edible fat to their diet has merit, particularly in so far as endurance work, and also
more intensive exercise, are concerned (see Chapters 5 and 9).

Medium-chain TAG (carbon chain length of 6-12) are easily absorbed as such by
horses, followed by portal transport to the liver, where they are metabolized to
ketones (Jackson et al. 2001).

Feed modification to improve digestion

The extent of precaecal breakdown of cereal starch from pelleted diets is in the
sequence: oat > barley > maize (de Fombelle et al. 2003). Varloud et al. (2003) and
de Fombelle et al. (2003) found that although much starch disappeared (but was not
absorbed) in the stomach, the amount escaping precaecal digestion increased with
starch intake: 20% from barley and 30% from maize did so when horses received
281 g starch/100kg BW in a meal. Thus, in order to increase digestibility and avoid
fermentation of starch in the equine large gut, commercial cooking of cereals is of
economic interest. The processes used include infrared micronization of cereals and
expansion or extrusion of products. The extent of cooking by the extrusion process
varies considerably amongst the cookers used and the conditions of processing.
Nevertheless, small intestinal digestibility is influenced by this cooking, even in adult
horses; yet total digestibility is not improved (Table 1.3). That is, the digestibility of
raw cereals and cooked cereals is similar when the values are derived from the
difference between carbohydrate consumed and that lost in the faeces. Thus, the
extent of precaecal digestion, or possibly preileal digestion, influences the propor-
tion of cereal carbohydrate absorbed as glucose and that absorbed as VFA and
lactic acid.

Evidence from various sources indicates that somewhat more than 50% of the
dietary starch is subject to preileal or precaecal digestion. The proportion so di-
gested is influenced not only by cereal processing, but also by the amount fed.
Lactate and other organic acid production is increased, and the pH is decreased in
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Table 1.3 Precaecal digestion of various sources of starch and digestion in the total GI tract of horses
(Kienzle et al. 1992) and ponies (Potter e al. 1992a) (digested, g/kg intake).

Starch intake, Maize Oats Oats total Sorghum  Sorghum  Reference
¢/100 kg BW  precaecal precaecal precaecal total
Whole 200 289 835 — — — Kienzle
et al. 1992'
Rolled 200 299 852 — Kienzle
et al. 1992
Ground 200 706 980 Kienzle
et al. 1992
Crimped® 264 — 480 944 360 940 Potter et al.
295 1992a
Micronized 2371 — 623 938 590 945 Potter et al.
283 1992a

'Maize and oat digestibilities measured by these workers refer to preileal measurements.
’Dry rolled with corrugated rollers to crack the kernels. “, crimped oats; *, crimped sorghum;
MO micronized oats; M, micronized sorghum.

the ileum and caecum when undigested starch reaches those regions. In order to
avoid starch ‘overload’, and therefore excessive starch fermentation in the large
intestine, Potter et al. (1992a) concluded that starch intake in horses, given two to
three meals daily, should be limited to 4 g/kg BW per meal (also see Chapter 11). We
consider that this limit is too liberal where there is risk of laminitis (see Laminitis,
Chapter 11). The Texas group (Gibbs et al. 1996) have also found that when N
intake is less than 125mg/kg BW, 75-80% of the truly digestible protein of soya-
bean meal is digested precaecally, and 20% is digested in the large intestine, while
10% is indigestible.

The preileal digestibility of oat starch exceeds that of maize starch or of barley
starch (Meyer et al. 1995). When starch intake per meal is only 2g/kg BW the
preileal starch digestibility of ground oats may be over 95%, whereas at the other
extreme that of whole, or broken, maize may be less than 30%. The grinding of
cereals increases preileal digestibility compared with whole, rolled or cracked grain
(note: the keeping quality, or shelf-life, of ground grain is, however, relatively
short). Workers in Hanover found, in contrast to the results of the Texas workers,
that in the jejunal chyme there is a much greater increase in the postprandial
concentration of organic acids, including lactate, and in acidity, when oats rather
than maize are fed. Whether this may be related to the putative heating effect of
oats, compared with other cereals, is not established. The starch gelatinization of
cooking enhances small intestinal digestion at moderate, or high, rates of intake.

Nitrogen utilization

At high rates of protein intake more non-protein N (NPN) enters the GI tract in the
form of urea. The N entering the caecum from the ileum is proportionally 25-40%
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NPN, varying with the feed type. Meyer (1983b) calculated that, in a 500kg horse,
6-12g urea N pass daily through the ileocaecal valve. The amount of N passing into
the large intestine also varies with protein digestibility. At high intake rates of
protein of low digestibility more N in total will flow into the large intestine, where
it will be degraded to NH;. From Meyer’s evidence, about 10-20% of this total is
urea N, as the daily range of total N flowing into the caecum is:

0.3-0.9g N/kg BW"”

N also enters the large intestine by secretion there, although the amount seems to
be less than that entering through the ileocaecal valve and net absorption nearly
always takes place. Nevertheless, net secretion can occur with low protein, high fibre
diets.

Utilization of the derived NH; by gut bacteria is between 80% and 100%. Exces-
sive protein intake must increase the burden of unusable N, either in the form of
inorganic N, or as relatively unusable bacterial protein. This burden is influenced by
feeding sequence. The provision of a concentrate feed two hours later than rough-
age, compared with simultaneous feeding, caused higher levels of plasma free and
particularly of essential amino acids six to nine hours later (Cabrera et al. 1992;
Frape 1994). Plasma urea did not rise with the dissociated, or separate, feeding, but
rose continuously for nine hours after the simultaneous feeding of the roughage and
concentrate. This indicates that mixed feeding led to a large flow of digesta N to the
caecum with much poorer dietary protein economy; yet the separate feeding was in
the reverse order to the standard practice of giving concentrates before roughage.

THE LARGE INTESTINE

Grazing herbivores have a wide variety of mechanisms and anatomical arrange-
ments for making use of the chemical energy locked up in the structural carbohy-
drates of plants. A characteristic of all grazing and browsing animals is the
enlargement of some part of the GI tract to accommodate fermentation of digesta
by microorganisms, producing steam VFAs and lactate (Table 1.4).

Table 1.4 Effect of diet on the pH, production of VFAs and lactate and on microbial growth in the
caecum and ventral colon of the horse 7 hours after the meal.

Diet pH FA (mmol/l) Total bacteria per
(ml x 107)

Acetate Propionate Butyrate Lactate

Hay 6.90 43 10 3 1 500

Concentrate 6.25 54 15 5 21 800
plus minimal hay

Fasted 7.15 10 1 0.5 0.1 5

Note: Values given are typical, but all except the pH show large variations.
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More than half the dry weight of faeces is bacteria and the bacterial cells in
the digestive tract of the horse number more than ten times all the tissue cells in
the body. No domestic mammal secretes enzymes capable of breaking down the
complex molecules of cellulose, hemicellulose, pectin, fructo- and galacto
oligosaccharides and lignin into their component parts suitable for absorption, but,
with the exception of lignin, intestinal bacteria achieve this. The process is relatively
slow in comparison to the digestion of starch and protein. This means that the flow
of digesta has to be arrested for sufficient time to enable the process to reach a
satisfactory conclusion from the point of view of the energy economy of the host
animal.

During the weaning and postweaning of the foal and yearling, the large intestine
grows faster than the remainder of the alimentary canal to accommodate a more
fibrous and bulky diet, hence energy digestibility of a mixed concentrate and forage
diet increases at 5-8 months of age (Turcott et al. 2003).

At the distal end of the ileum there is a large blind sack known as the caecum,
which is about 1 m long in the adult horse and which has a capacity of 25-351. At one
end there are two muscular valves in relatively close proximity to each other, one
through which digesta enter from the ileum and the other through which passage
from the caecum to the right ventral colon is facilitated. The right and left segments
of the ventral colon and the left and right segments of the dorsal colon constitute the
great colon, which is some 3—4m long in the adult horse, having a capacity of more
than double that of the caecum. The four parts of the great colon are connected by
bends known as flexures. In sequence, these are the sternal, the pelvic and the
diaphragmatic flexures (Fig. 1.2). Their significance probably lies in changes in
function and microbial population from region to region and in acting as foci of
intestinal impactions.

Digestion in the caecum and ventral colon depends almost entirely on the activity
of their constituent bacteria and ciliate protozoa. In contrast to the small intestine,
the walls of the large intestine contain only mucus-secreting glands, that is, they
provide no digestive enzymes. However, high levels of alkaline phosphatase activity,
known to be associated with high digestive and absorptive action, are found in the
large intestine of the horse, unlike the large intestinal environment of the cat, dog
and man.

The diameter of the great colon varies considerably from region to region but
reaches a maximum in the right dorsal colon where it forms a large sacculation with
a diameter of up to 500mm. This structure is succeeded by a funnel-shaped part
below the left kidney where the bore narrows to 70-100mm as the digesta enter the
small colon. The latter continues dorsally in the abdominal cavity for 3 m before the
rectum, which is some 300mm long, terminates in the anus (Fig. 1.2).

Contractions of the small and large intestine

The walls of the small and large intestine contain longitudinal and circular muscle
fibres essential:
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e for the contractions necessary in moving the digesta by the process of peristalsis
in the ultimate direction of the anus;

e for allowing thorough admixture with digestive juices; and

e for bathing the absorptive surfaces of the wall with the products of digestion.

During abdominal pain these movements may stop so that the gases of fermentation
accumulate.

Passage of digesta through the large intestine

Many digestive upsets are focused in the large intestine and therefore its func-
tion deserves discussion. The extent of intestinal contractions increases during
feeding — large contractions of the caecum expel digesta into the ventral colon,
but separate contractions expel gas, which is hurried through much of the colon.
The reflux of digesta back into the caecum is largely prevented by the sigmoid
configuration of the junction. Passage of digesta through the large intestine depends
on gut motility, but is mainly a function of movement from one of the compartments
to the next through a separating barrier. Considerable mixing occurs within each
compartment, but there seems to be little retrograde flow between them. The
barriers are:

e the ileocaecal valve already referred to;

e the caecoventral colonic valve;

e the ventrodorsal colonic flexure (pelvic flexure), which separates the ventral
from the dorsal colon; and

¢ the dorsal small colonic junction at which the digesta enter the small colon.

Resistance to flow tends to increase in the same order, that is, the last of these
barriers provides the greatest resistance (also see Chapter 11). This resistance is
much greater for large food particles than for small particles. In fact delay in passage
for particles of 2cm length may be for more than a week. Normally the time taken
for waste material to be voided after a meal is such that in ponies receiving a grain
diet, 10% is voided after 24 hours, 50% after 36 hours and 95% after 65 hours. More
recently, mean retention time (MRT) in 18-month-old horses given a hay and
concentrate diet was shown to be 42.7 and 33.8 hours respectively for the solid and
liquid phases of digesta (Chiara et al. 2003), and for a hay-based diet in mature
heavy horses it was 21-40 hours, decreasing within this range as intake increased
(Miraglia et al. 2003). Within moderate variations of intake the digestibility of the
diet was constant. A large decrease in MRT was associated with a lower digestibility
coefficient.

Most digesta reach the caecum and ventral colon within three hours of a meal, so
that it is in the large intestine that unabsorbed material spends the greater propor-
tion of time. The rate of passage in domestic ruminants is somewhat slower, and this
partly explains their greater efficiency in digesting fibre. Nevertheless, the horse,
utilizes the energy of soluble carbohydrates more efficiently by absorbing a greater
proportion of sugars in the small intestine.
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In the horse, passage time is influenced by physical form of the diet; for example,
pelleted diets have a faster rate of passage than chopped or long hay, and fresh grass
moves more rapidly than hay. Work at Edinburgh (Cuddeford et al. 1992) showed
that fibre was digested more completely by the donkey than by the pony, which in
turn digested it more effectively than the TB. These differences probably are owed
in large measure to the relative sizes of the hind-gut and, therefore, to the holding
time of digesta. Donkeys working for five hours daily with no access to food,
subsequently ate as much poor quality hay and digested it as well as those not
working and with continuous access (Nengomasha et al. 1999). Holding time in the
large gut seems to be uninfluenced by meal size, whereas rate of passage through the
small intestine is greater with less frequent large meals.

Pattern of large intestinal contractions

The caecum contracts in a ring some 12—15 cm from the caecocolic junction, trapping
ingesta in the caecal base and forcing some through the junction that in the mean-
time has relaxed. With a relaxation of the caecal muscles some reflux occurs,
although there is a net movement of digesta into the ventral colon. The passage rate
of digesta through the caecum is approximately 20%/hour (Hintz 1990), compared
with a typical rate for the rumen of 2-8%/hour. However, disappearance rates of
feed in monofilament polyester bags held in the pony caecum were greater during
hay feeding than between meals (Hyslop et al. 1999). Feeding seems to cause an
increase in the motility and volume of the caecum, allowing a more thorough mixing
of its digesta with the bacteria.

Contractions of the colon are complex. There are bursts of contractile activity that
propagate in an aboral direction, but some contractions propagate orally and some
are isolated and do not propagate in either direction. Thus there are nonrhythmic
haustral kneading and stronger rhythmic propulsive and retropulsive contractions.
These contractions have the function of mixing the constituents, and promoting
fermentation and absorption, as well as that of moving residues towards the rectum.
The strong rhythmic contractions for the great colon begin at the pelvic flexure,
where a variable site ‘electrical pacemaker’ exists. A major site of impactions is the
left ventral colon, just orad (toward the mouth) to this pelvic flexure (Chapter 11).
More detailed knowledge of this activity should ultimately help in the control of
common causes of large gut malfunction and colic.

Microbial digestion (fermentation)

There are three main distinctions between microbial fermentation of feed and
digestion brought about by the horse’s own secretions:

(1) The B-1,4-linked polymers of cellulose (Fig. 1.3) are degraded by the intestinal
microflora but not by the horse’s own secretions. The cell walls of plants
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contain several carbohydrates (including hemicellulose) that form up to half
the fibre of the cell walls of grasses and a quarter of those of clover. These
carbohydrates are also digested by microorganisms, but the extent depends on
the structure and degree of encrustation with lignin, which is indigestible to
both gut bacteria and horse secretions (see ‘Flora’, this chapter).

(2) During their growth the microorganisms synthesize dietary indispensable (es-
sential) amino acids.

(3) The bacteria are net producers of water-soluble vitamins of the B group and of
vitamin K,.

Microbial numbers

In the relatively small fundic region of the stomach, where the pH is about 5.4, there
are normally from 10° to 10° bacteria/g. The species present are those that can
withstand moderate acidity, common types being lactobacilli, streptococci and
Veillonella gazogenes. De Fombelle et al. (2003) found that lactobacilli-,
streptococci- and lactate-utilizing bacteria colonized the entire GI tract. The stom-
ach and small intestine hosted, per ml, the greatest number of these bacteria, so
influencing the digestion of readily fermentable carbohydrates. De Fombelle et al.
also determined that the highest concentration of total anaerobic bacteria in the GI
tract occurred in the stomach (see Gastric ulcers, Chapter 11). The jejunum and
ileum support a flourishing population in which obligate anaerobic Gram-positive
bacteria may predominate (10°~10°g). In this region of the small intestine a cereal
diet can influence the proportion of the population producing lactic acid, compared
with that producing VFA as an end product, although the numbers of lactobacilli
per gram of contents tend to be higher in the large intestine, where the pH is
generally lower.

The flora of the caecum and colon are mainly bacteria which in fed animals
number about 0.5 x 10’ to 5 x 10°/g contents. A characteristic difference between
equine hind-gut fermentation and that in the rumen is the lower starch content of
the hind-gut, which implies a generally lower rate of fermentation, yet the starch
content of the caecum is variable, causing a variable suppression of cellulolytic and
related bacteria. As the proportion of rolled barley to chopped meadow hay (given
after the barley) was increased from nil to half, the digestibility of OM increased,
whereas that of neutral detergent fibre (NDF) and acid detergent fibre (ADF)
decreased, despite the retarded flow rate of digesta with the higher proportions of
barley (C. Drogoul, personal communication).

There is still a scarcity of knowledge concerning the activity of equine bacteria
that digest the various entities of fibre. In one pony study (Moore & Dehority 1993),
the cellulolytic bacteria numbered 2-4% of the total. In addition, there were 2 x 10
to 25 x 10” fungal units/g, most of which were cellulolytic (also see ‘Probiotics’,
Chapter 5). In the horse, both caecal bacteria (which with fungi constitute the flora)
and protozoa (fauna) participate in the decomposition of pectins and hemicellulose
at an optimum pH of 5-6 (Bonhomme-Florentin 1988).
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Fauna

Protozoa in the equine large intestine number about 10~ of the bacterial population,
that is, 0.5 x 10’ to 1.5 x 10°/ml contents. Although protozoa are individually very
much larger than bacteria and they thus contribute a similar total mass to the large
intestinal contents, their contribution to metabolism is less, as this is roughly propor-
tional to the surface area. The species of the fauna differ somewhat from those in the
rumen. Some 72 species of protozoa, primarily ciliates, have been described as
normal inhabitants of the equine large intestine, with some tendency to species
differences between compartments. Moore & Dehority (1993) found in ponies that
the protozoa were from the following genera: Buetschlia, Cycloposthium,
Blepharocorys and a few Paraisotricha. Removal of the protozoa (defaunation)
caused only a slight decrease in DM digestibility, with no effect on numbers of
bacteria, or on cellulose digestibility.

Flora

In the large intestine the bacterial populations are highest in the caecum and ventral
colon. Here, the concentration of cellulose-digesting bacteria is six to seven times
higher than in the terminal colon. About 20% of the bacteria in the large intestine
can degrade protein.

Numbers of specific microorganisms may change by more than 100-fold during 24
hours in domesticated horses being given, say, two discrete meals per day. These
fluctuations reflect changes in the availability of nutrients (in particular, starch and
protein) and consequentially changes in the pH of the medium. Thus, a change in
the dietary ratio of cereal to hay will not only have large effects on the numbers of
microorganisms but will also considerably influence the species distribution in the
hindgut. Although frequency of feeding may have little impact on digestibility per
se, it can have a large influence on the incidence of digestive disorders and metabolic
upsets. Large concentrate meals lead to elevated glycaemic responses that can
precipitate behavioural abnormalities, whereas fibrous feed lowers this response.
Moreover, fibre stimulates peristalsis and is cationic, decreasing the risk of meta-
bolic acidosis (Moore-Colyer 1998). Some of these consequences result directly
from the effects of diet and digesta upon the microbial populations (bacteria and
protozoa).

Caecal bacteria from horses adapted to a grain diet are less efficient at digesting
hay than are the microbes from hay-adapted horses. An analogous situation exists
for hay-adapted caecal microbes when subjected to grain substrate. If such a dietary
change is made abruptly in the horse, impactions may occur in the first of these
situations and colic, laminitis or puffy swollen legs can result in the second (see
Chapter 11).

The caecal microorganisms in a pony or horse tend to be less efficient at digesting
hay than are the ruminal microbes in cows. The digestibilities of organic matter and
crude fibre in horses given a diet containing more than 15% crude fibre (a normal
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diet of concentrates and hay) are about 85% and 70-75%, respectively, of the
ruminant values. This has been attributed to the combined effects of a more rapid
rate of passage of residues in horses and differences in cellulolytic microbial species.
In fact, Hayes et al. (2003) concluded that a greater intestinal retention time in mares
cf. foals of one month of age, accounted for their greater ability to digest fibre. The
faecal population of microbes from these foals had a capacity similar to that of the
mare to ferment fescue hay NDF. Differences also occur amongst regions of the GI
tract in the time required for microbial enzyme adaptation to fibre fermentation.
This will influence the extent of fermentation in a limited time. Inocula from the
stomach, duodenum and ileum expressed a lag time of 1-2 hours, cf. 0.1-0.5 hours
for hind-gut inocula, in roughage fermentation, so limiting foregut fermentation
(Moore-Colyer et al. 2003).

Work by Hyslop et al. (1997) has shown that under the conditions of their
experiment the degradation of the acid detergent fibre (ADF) and crude protein of
sugar beet pulp, hay cubes, soya hulls and a 2: 1 mixture of oat hulls:naked oats was
no poorer in the pony caecum than in the rumen of the steer over incubation periods
of 12-48 hours. In fact, during incubation for 12 hours the degradation of the beet
pulp and the hay was marginally greater in the caecum. Thus, the equine hind-gut
microflora may not be inherently less efficient than are rumen microflora at feed
degradation. Lower equine feed digestibility largely results from a more rapid rate
of passage through the hind-gut than through the rumen (Hyslop et al. 1997).

Estimation of fibre degradability

Moore-Colyer (1998) measured apparent digestibility and fibre degradation, as
indicated by analysis of non-starch polysaccharides (NSPs) and NDF, of sugar beet
pulp (SB), soya hulls (SHs), hay cubes (HCs) and oat hulls: naked oats (OH:NO)
(2:1). NSP molecules are composed of several constituent monomers that are
present in different proportions in various sources, and these monomers are normal
components of cell walls. The principal monomers are: arabinose, galactose, uronic
acids, glucose and xylose. The most microbially degradable monomers in the above
four feeds were arabinose, galactose and uronic acids. SB had the highest concentra-
tions of arabinose and uronic acids and was degraded at the fastest rate, whereas the
rates for HC and particularly for OH were much slower. HC and OH would have a
lower apparent digestibility than SB, and SH would be intermediate in value. NSP
and NDF are simpler to measure, but are poorer guides to degradability than is
knowledge of the monomer composition of the NSP of feeds. The subject of fibre
analysis has been reviewed recently in several papers, notably by McCleary (2003).

Products of fermentation

The microbial fermentation of dietary fibre, starch and protein yields large quanti-
ties of short-chain VFAs as by-products, principally acetic, propionic and butyric
acids (Table 1.5, Fig. 1.4). This fermentation and VFA absorption are promoted by:



24 Equine Nutrition and Feeding

Table 1.5 Proportion of VFAs in digesta to body weight (BW) in
four herbivores (Elsden et al. 1946).

¢ VFA/kg BW
Ox 1.5
Sheep 1.5
Horse 1.0
Rabbit 0.5
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Fig. 14 VFAs (0) calculated as the total weight (g) of acid (as acetic acid) in the organ or as the
concentration (g/100g DM) (E) in the lumen (after Elsden et al. 1946).

e the buffering effect of bicarbonate and Na” derived from the ileum;
e an anaerobic environment; and

e normal motility to ensure adequate fermentation time and mixing.

Acetate and butyrate are major products of fibre digestion, whereas the proportion
of propionate (and lactate, see Chapter 11) increases with increasing proportions of
starch left undigested in the small intestine. In the pony, limited evidence indicates

that 7% of total glucose production is derived from propionate produced in the
caecum.

VFA, fluid and electrolyte absorption in the large intestine

The VFA produced during fermentation would soon pollute the medium, rapidly
producing an environment unsuitable for continued microbial growth; however, an
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Fig. 1.5 Net fractional absorption of P (CJ) and Ca (M) from various regions of the small and large
intestine (after Schryver et al. 1974a).

equable medium is maintained by the absorption of these acids into the blood-
stream. In addition to this absorption there is the vital absorption of large amounts
of water and electrolytes (sodium, potassium, chloride and phosphate).

Fluid absorption

The largest proportion of water that moves through the ileocaecal junction is
absorbed from the lumen of the caecum and the next largest is absorbed from the
ventral colon. Fluid is also absorbed from the contents of the small colon, to the
benefit of the water economy of the horse and with the formation of faecal balls.
This aboral decline in water absorption is accompanied by a parallel decrease in
sodium absorption. In the pony, 96% of the sodium and chloride and 75% of the
soluble potassium and phosphate entering the large bowel from the ileum are
absorbed into the bloodstream. Although phosphate is efficiently absorbed from
both the small and large gut, calcium and magnesium are not, these being absorbed
mainly from the small intestine (Fig. 1.5). This phenomenon has been proffered as
a reason why excess dietary calcium does not depress phosphate absorption, but
excess phosphate can depress calcium absorption, although not necessarily Ca bal-
ance, in the horse (see Chapter 3).

The water content of the small intestinal digesta amounts to some 87-93%, but
the faeces of healthy horses contain only 58-62% water. The type of diet has a
smaller effect on this than might be imagined. For instance, oats produce fairly dry
faeces, but bran produces moist faeces, although in fact they contain only some 2 or
3 percentage units more of moisture.

VFA and lactic acid production and absorption

Microbial degradation seems to occur at a far faster rate in the caecum and ventral
colon than in the dorsal colon (Fig. 1.4) and the rate is also faster when starches are
degraded rather than structural carbohydrates. A change in the ratio of starch to
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fibre in the diet leads to a change in the proportions of the various acids yielded
(Table 1.4). These proportions also differ in the organs of the large intestine. Thus,
proportionately more propionate is produced as a consequence of the consumption
of a starch diet and the caecum and ventral colon yield more propionate than the
dorsal colon does. Many bacteria have the capacity to degrade dietary protein, so
yielding another blend of VFA.

An optimum pH of 6.5 exists for microbial activity that also promotes VFA
absorption. VFAs are absorbed in the unionized form. As the pH moves closer to
the pK of a particular VFA, more is absorbed. The H" ions required for this are
probably derived from mucosal cells in exchange for Na*. HCO;™ buffer is secreted
into the lumen in exchange for CI". Thus, absorption of VFAs is accompanied by a
net absorption of NaCl. This in turn is a major determinant of water absorption. The
ingestion of a large meal can cause a 15% reduction in plasma volume, ultimately
resulting in renin-angiotensin, and then aldosterone, release. The increase in
plasma aldosterone level causes an increased Na" absorption, and with it water (see
also Chapter 9). However, whether a large meal, compared with continuous feeding,
would increase the risk of impactions is unclear.

Whereas most ruminal butyrate is metabolized in the mucosa before entering the
bloodstream, in horses all VFAs pass readily to the blood. Lactic acid produced in
the stomach is apparently not well absorbed from the small intestine. On reaching
the large intestine some is absorbed, along with that produced locally, but much is
metabolized by bacteria to propionate.

Microbial activity inevitably produces gases — principally carbon dioxide, meth-
ane and small amounts of hydrogen — which are absorbed, ejected from the anus, or
participate in further metabolism. The gases can, however, be a severe burden, with
critical consequences when production rate exceeds that of disposal.

Protein degradation in the large intestine and amino acid absorption

Microbial growth, and therefore the breakdown of dietary fibre, also depends on a
readily available source of nitrogen. This is supplied as dietary proteins and as urea
secreted into the lumen from the blood. Despite the proteolytic activity of micro-
organisms in the hind-gut, protein breakdown per litre is about 40-fold greater in the
ileum than in the caecum or colon, through the activity of the horse’s own digestive
secretions in the small intestine.

The death and breakdown of microorganisms within the large intestine release
proteins and amino acids. The extent to which nitrogen is absorbed from the large
intestine in the form of amino acids and peptides useful to the host is still debated.
Isotope studies indicate that microbial amino acid synthesis within the hind-gut does
not play a significant role in the host’s amino acid status. Quantitative estimates
obviously depend on the diet used and animal requirements, but a range of 1-12%
of plasma amino acids may be of hind-gut microbial origin. Absorption studies have
shown that, whereas ammonia is readily absorbed by the proximal colon, significant
basic amino acid absorption does not occur. S-amino acid absorption may occur to
a small extent. Consequently, small-intestinal digestibility of protein is important,
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Fig. 1.6 Response of 41 six-month-old ponies over a three-month period of diets containing different
amounts of protein and lysine (initial weight 127kg). In this experiment note that increased protein
intake led to elevated protein catabolism and urea production without an increase in incidence of
laminitis (Yoakam et al. 1978).

and this digestibility of sugar-beet pulp is somewhat poorer than that of hay cubes
and much poorer than that of soya hulls (Moore-Colyer 1998). The latter, therefore,
possess the highest amino acid value of the three.

Horses differ from ruminants in absorbing a higher proportion of dietary nitrogen
in the form of the amino acids present in dietary proteins, proportionately less
being converted to microbial protein. As only a small proportion of the amino
acids present in microbial protein is made available for direct utilization by the
horse, young growing horses in particular respond to supplementation of poor-
quality dietary protein with lysine and threonine, the principal limiting indispensa-
ble amino acids (Fig. 1.6).

Urea production

Urea is a principal end-product of protein catabolism in mammals and much of it is
excreted through the kidneys. It is a highly soluble, relatively innocuous compound
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Table 1.6  Effect of diet on the flow of nitrogen from the ileum to the
caecum (Schmidt ez al. 1982).

Diet Nitrogen flow daily
(mg N/kg BW)

Concentrate, 3.75kg daily (1%)* 62
Concentrate, 7.5kg daily (2%)* 113
Hay 68
Straw 37

*Weight of concentrate given as percentage of BW.

and a reasonably high proportion of the urea produced in the liver is secreted into
the ileum and conveyed to the large intestine (Table 1.6, showing total N, of which
12-24mg/kg BW is urea N) where most may be degraded to ammonia by bacteria.
The possession by microorganisms of the enzyme urease, which does not occur in
mammalian cells, makes this reaction possible. Most of the ammonia produced is re-
utilized by the intestinal bacteria in protein synthesis. Some, however, diffuses into
the blood, where levels are normally maintained very low by a healthy liver. If
ammonia production greatly exceeds the capacity of the bacteria, and of the liver, to
utilize it, ammonia toxicity can arise. The fate of any urea added to the diet is
similar.

In summary, many studies have led to the conclusion that digestion and fermen-
tation in, and absorption from, the large intestine, account, in net terms, for 30% of
dietary protein, 15-30% of dietary soluble carbohydrate and 75-85% of dietary
structural carbohydrate. The salient causes of variation in values for each of the
principal components of the horse’s diet are:

e the degree of adaptation of the animal;
e the processing to which the feed is subjected; and
e the differences in digestibility among alternative feedstuffs.

Commercial enzyme and microorganism products

(See also ‘Probiotics’, Chapter 5.) A Directive from the European Union (EU)
(Council Directives 93/113/EC 93/114/EC) deals with the roles of supplementary
enzymes and microbial cultures. There is a list of all permitted and properly
identified products for use within the EU. The list includes products for use in feed,
in drinking water and those given as a drench. The requirement for a complete
taxonomic description of microorganisms implies that bacterial cultures should be
pure and that there is an identification of both the species and the culture collection
strain type. The recommendations of the Nomenclature Committee of the Interna-
tional Union of Biochemistry and Molecular Biology are applied to enzyme nomen-
clature. The United Kingdon (UK) Medicines Act (1986) will apply if medicinal
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claims, such as growth promotion, are made; however, evidence of safety of all
products will have been submitted.

Efficacy of products such as these may depend on conditions and length of
storage, the loss of colony-forming units of microbial cultures during storage, their
ability to survive the low pH of the stomach and certainly the retention of the
activity of their enzymes. The efficacy of enzymes also must assume that their
activity, as defined, applies to the region of the GI tract where they are expected to
function.

STUDY QUESTIONS

(1) What are the advantages and disadvantages of a digestive system with a major
microbial fermentation site in the hind-gut only, compared to the fermentation
system of the ruminant?

(2) The stomach of the horse is relatively smaller than that of the rat or human.
What consequences do you draw from this?

FURTHER READING

Sissons, S. & Grossman, J.D. (1961) The Anatomy of the Domestic Animals. W.B. Saunders, Philadelphia
and London.

Vernet, J., Vermorel, M. & Martin-Rosset, W. (1995) Energy cost of eating long hay, straw and pelleted
food in sport horses. Animal Science, 61, 581-8.



Chapter 2
Utilization of the Products of Dietary
Energy and Protein

A horse whose work consists of travelling a stage of twenty miles three times a week, or twelve
every day, should have one peck of good oats, and never more than eight pounds of good hay
in twenty-four hours. The hay, as well as the corn, should, if possible, be divided into four
portions.

J. White 1823

CARBOHYDRATE, FAT AND PROTEIN AS
SOURCES OF ENERGY, AND THE HORMONAL
REGULATION OF ENERGY

Glucose, VFA and TAG clearance

Horse diets rarely contain more than 5% fat and 7-12% protein so that these
represent relatively minor sources of energy in comparison to carbohydrate, which
may constitute by weight two-thirds of the diet. Furthermore, protein is required
primarily in the building and replacement of tissues and is an expensive source of
energy. However, both dietary protein and fat can contribute to those substrates
used by the horse to meet its energy demands for work. Protein does so by the
conversion of the carbon chain of amino acids to intermediary acids and of some of
the carbon chains to glucose. Neutral fat does so following its hydrolysis to glycerol
and fatty acids. The glycerol can be converted to glucose and the fatty acid chain can
be broken down by a stepwise process called B oxidation in the mitochondria,
yielding adenosine triphosphate (ATP) and acetate, or, more strictly, acetyl
coenzyme A (acetyl-CoA), and requiring tissue oxygen (see Fig. 9.2, p. 307).

Carbohydrate digestion and fermentation yield predominantly glucose and acetic,
propionic and butyric VFAs. These nutrients are collected by the portal venous
system draining the intestine and a proportion of them is removed from the blood
as they pass through the liver. Both glucose and propionate contribute to liver starch
(glycogen) reserves, and acetate and butyrate bolster the fat pool (Fig. 2.1) and also
constitute primary energy sources for many tissues.

Sequence of feeding and amount fed

Studies in both France and Germany have shown that the sequence in which feeds
are given can influence the metabolic outcome. When the concentrate was given to
ponies two hours following roughage, plasma urea concentration was significantly

30
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Fig. 2.1 Sources, metabolism and fate of major energy-yielding nutrients derived from body tissues and
diet (after McDonald et al. 1981).

lower, and plasma free amino acids higher, in the postprandial period, than when
the concentrates and roughage were given simultaneously (Cabrera et al. 1992). This
indicates that the conventional procedure of feeding the concentrate with, or before,
the hay is likely to depress the potential net protein value of the diet. Concentrates
appear to be better utilized if given after roughage consumption, probably as a
result of retarded small intestinal passage of the concentrates so given. Larger feed
allowances increase the rate of passage of ingesta through the GI tract, as occurs for
horses commencing periods of greater work. Increased rates of passage slightly
reduce roughage digestibility and account for somewhat poorer fibre utilization in
ponies than in donkeys (Pearson & Merritt 1991).

Timing of feeds and appetite

(See ‘Appetite’, this chapter, for more detail.) Feeding in the horse or pony causes
mesenteric hyperaemia, that is, a diversion of blood to, and engorgement of, the
blood vessels investing the GI tract. In a similar manner the imposition of exercise
causes increased blood flow to muscles. Exercise within a few hours of feeding
therefore increases the demands on the heart to supply blood for both activities.
Even moderately strenuous exercise (75% of heart rate maximum) under these
conditions leads to increased heart rate, cardiac output, stroke volume and arterial
pressure, in comparison to the effects of exercise on fasted animals (Duren et al.
1992). The optimum timing of meals in relation to exercise is discussed in Chapter
9.
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Blood glucose

Healthy horses and ponies maintain a blood plasma glucose concentration within
certain defined limits. This is necessary as glucose represents the preferred source of
energy for most tissues. In ponies, normal healthy resting levels may range between
2.8 and 3.3mmol/l, but horse breeds may generally have higher resting levels, with
TBs in the region of 4.4—4.7mmol/l. The concentration in horses rises dramatically
from the commencement of a meal to 6.5mmol/l , or more, by two hours (Fig. 2.2).
A return to fasting concentrations is much slower than in the human and slower still
in ponies. Nevertheless, the scale of plasma glucose response to a meal is greatly
influenced by the intensity of any previous exercise, intense exercise greatly dimin-
ishing the response (Frape 1989).

The plasma glucose response is measured generally as the area under the re-
sponse curve to a known dose of carbohydrate. The more rapidly the plasma glucose
is cleared, that is, the greater the tolerance, the smaller is this area (Figs 2.2 and 2.3).
This clearance from the blood results from uptake particularly by liver and muscle
cells, where it is converted to glycogen and also to fat, although the net conversion
to fat in a fit athletic animal is small. Circulating glucose is used directly to meet
immediate energy demands for muscular activity, nervous tissue activity, etc. The
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Fig. 2.2 Approximate glucose tolerance times (arrows) and normal ‘fasting’ blood-glucose concentra-
tion (shaded). (Glucose is injected i.v. to allow comparisons between species with different digestive
anatomy and mechanisms. By providing the glucose in the form of a starch meal, the peak is delayed 2—
4 hours in the horse. When oats are given as feed the maximum blood-glucose concentration in TB horses
occurs at about 2 hours following the start of feeding.) The determination of ‘tolerance time’ has been
largely superseded by the determination of the area under the response curve to a glucose dose, as this
is determined with greater precision. The greater the area is, generally the longer is the tolerance time in
an individual horse.
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Fig. 2.3 Responses of blood glucose and insulin to feed.

process of storage is stimulated by the hormone insulin, which responds to a rise in
blood glucose, and the insulin then also promotes fat clearance through activation of
adipose tissue lipoprotein lipase.

Concomitant with the rise in plasma glucose concentration, the plasma non-
esterified fatty acids (NEFAs) level decreases. This indicates a reduction in the
mobilization of fat stores, which results from insulin repressing the activity of
intracellular, hormone-sensitive lipase (also see Chapter 9). Generally, plasma glu-
cose and insulin concentrations are lower and plasma NEFA and urea concentra-
tions higher in horses given very restricted rations. Stickler et al. (1996) found that
these plasma changes occurred promptly in light horses, whereas plasma glucagon
responds with a slightly slower rate of decrease and thyroxine with a much slower
increase in concentration upon the imposition of the restriction.

Pathologically elevated fasting plasma glucose concentrations occur in hyper-
adrenocorticism, a hypersecretion of cortisol, or Cushing’s syndrome. This is associ-
ated with luxus gluconeogenesis, severe muscle wasting and protein breakdown.
The resulting excessive production of glucose in the horse is due most frequently to
the presence of a pituitary adenoma, although primary adrenocortical neoplasms
have been reported (van der Kolk ez al. 2001) (see also ‘Amino acids’, this chapter).

Insulin response

Insulin is an anabolic hormone, the function of which is therefore primarily to switch
on enzymes directed towards storage of blood glucose and fat. Blood insulin peaks
shortly after that of blood glucose and concentrations may reach four- to eightfold
fasting values one to two hours following a feed. Blood insulin may remain above
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fasting concentrations throughout the day, again unlike the human response to a
single meal (Frape 1989). Horses and ponies have a lower glucose tolerance than do
man and the pig, but a slightly greater one than do ruminants. TB and other
hotblooded horses generally have a higher tolerance than do ponies; in other words,
ponies tend to secrete less insulin and their tissues may be less sensitive to insulin,
although there is considerable adaptation to diet. Ponies can therefore withstand
fasting better than TBs, and TBs become more excitable after feeding.

Insulin prevents excess blood glucose from spilling out in the urine by increasing
the uptake of tissues and so lowering blood levels. However, in order to avoid
hypoglycaemia its effects are counterbalanced by that of other hormones (for exam-
ple, glucagon, the glucocorticoids and the catecholamines, epinephrine and nor-
epinephrine). The system is thereby maintained in a state of dynamic equilibrium.
The anabolic nature of insulin conflicts with the catabolic requirements of exercise,
and although catecholamines, secreted during intense exercise, suppress further
insulin secretion, elevated circulating postprandial insulin is undesirable if exercise
is initiated. Both from this viewpoint and from that of blood redistribution exercise
is to be discouraged during the postprandial interval.

Cases of hypoglycaemic seizures have been reported in horses, during which
plasma glucose may fall to less than 2mmol/l. The cause has been adenoma of
pancreatic islet cell origin, with hyperplasia predominately of B-cells, causing
hyperinsulinaemia.

Insulin resistance and hyperinsulinaemia

Insulin-dependent diabetes is very rare in horses; however, the noninsulin-
dependent form, expressed as insulin resistance, does occur. Whether any of these
occurrences involve a deficiency of dietary trivalent chromium in horses is unknown
(see Chapter 3).

Resistance may sometimes be incorrectly inferred. Horses given a diet high in
starch content produced a similar glucose response to that of horses given a diet
containing less starch, but the insulin response was higher in the first group (Ralston
1992). This may not indicate that there is a greater risk of developing insulin
resistance for horses given high cereal diets. Insulin resistance is associated with an
inadequate response of tissue receptors to the hormone; that is, a higher than
normal local concentration of the hormone is required to elicit a normal tissue
response. Plasma glucose and insulin responses to a meal, or to an oral glucose dose,
are above normal. Ponies tend to be more intolerant of glucose than are horses, and
fasted animals are more intolerant than fed. However, the response of ponies, and
of Shetland ponies in particular, is a reduced insulin secretion in response to a
carbohydrate load. This does not imply insulin resistance and it would explain a
lesser decrease in plasma NEFA concentration in ponies following a glucose load.
Oral glucose tolerance tests conducted on foal and adult ponies, given a pelleted
high fibre diet, indicated that the adults were more glucose tolerant than either the
foals, or adults given long hay (Murphy et al. 1997). (The oral glucose tolerance test
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may suffer from the influence of factors other than insulin, for instance, impaired gut
function, and the intravenous loading route may be preferable; see Chapter 12.)

Plasma TAG concentration in ponies subjected to an extended fast is very much
higher than that in horses; although this may not indicate insulin resistance. It may
result from the raised plasma NEFAs that are converted by the liver to TAGs,
where they are mobilized and transported as very low density lipoproteins.
(Glucose- and fat [TAG]-sensitive insulin tissue receptors exist in adipocytes.
Insulin resistance retards fat deposition, and raised plasma TAG promotes insulin
resistance, so it may not be coincidental that hyperlipaemia occurs more frequently
in ponies than in horses.)

Dietary causes of insulin resistance remain unresolved. The principal dietary and
metabolic involvement in the causation of resistance is likely to be excessive feed
energy intake, obesity, ageing and inadequate exercise. Ponies previously suffering
laminitis are also much more glucose intolerant (Jeffcott et al. 1986) than are those
that have not had laminitis. Obesity in humans delays the plasma clearance of fat
from a meal, owing to low insulin sensitivity of receptors in adipocytes. It has been
shown that four days of fasting can cause visibly lipaemic plasma in ponies but not
in horses, and the same factors may be a cause of laminitis. Moderate regular
exercise may prevent both laminitis and insulin resistance. In humans, raised post-
prandial plasma fat, following a fatty meal, causes a rise in plasma NEFA, which in
turn may promote insulin resistance. Whether hyperlipaemia in ponies is a cause of
insulin resistance, through an elevation in plasma NEFA in nonexercising ponies,
has not been examined, but deserves to be so. Such a rise is unlikely to occur after
a meal, as normal feeds are low in fat content.

ENERGY METABOLISM

Hard muscular work may require that energy is available for muscular contraction
at a rate some 40 times that needed for normal resting activity. Thus, rapid changes
in the supply of blood glucose could result unless the animal’s system responds
quickly. There are many changes to accommodate the altered circumstances, but
our discussion at this point will relate to the supply of nutrients to the tissues.

During a gallop, pulmonary ventilation increases rapidly so that more oxygen
(O,) is available for transport by the blood to the skeletal and cardiac muscles for
the oxidative release of energy. However, this process cannot keep pace with the
demand for energy, and glucose is therefore broken down to lactic acid, rapidly
releasing energy in the absence of O,. The fall in blood glucose stimulates the
glucocorticoids and the other hormones that enhance glycogen breakdown so that
blood glucose can rise during moderate exercise.

Repeated hard work (‘Training’, see Chapter 9) brings about several useful
physiological adaptations to meet the energy demands of muscular work. First, the
pulmonary volume, and therefore the tidal volume, of O, increases and the diffusion
capacity for gases increases, so that carbon dioxide (CO,) is disposed of more
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efficiently from the blood and O, is absorbed at a faster rate. This process is greatly
assisted by changes in both numbers of red cells (erythrocytes) and the amount of
haemoglobin in the blood. There is, therefore, a greater capacity for the oxidation
of lactic acid and fatty acids to CO,.

Nevertheless, training is associated with a decrease in insulin secretion, possibly
a higher glucocorticoid secretion, larger amounts of muscle glycogen and blood
glucose and, because of the greater work capacity, higher concentrations of blood
lactate. The glucocorticoids, and possibly epinephrine in the trained animal, stimu-
late a more efficient breakdown (lipolysis) and oxidation of body fat as a source of
energy, so conserving glycogen and yielding higher concentrations of NEFA in the
blood. The glycerol released during fat breakdown tends to accumulate during hard
exercise, possibly because of the raised concentration of blood lactate, and only on
completion of hard muscular work is it utilized for the regeneration of glucose
(Fig. 2.1).

The energy requirements of extended work can be accommodated entirely within
the aerobic breakdown of glucose and by the oxidation of body fat. Thus, no
continued accumulation of lactate was observed in two horses subjected to an
endurance ride (Fig. 2.4), and although body fat represents the primary source of
energy, its relatively slower breakdown means that there is a gradual exhaustion of
muscle and liver glycogen associated with a continuous decline in blood glucose
(Fig. 2.5), despite elevated concentrations of NEFA in the blood. Exhaustion occurs
when blood glucose reaches a lower tolerable limit.
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Fig. 2.4 Effect of speed but lack of effect of distance achieved on the concentration of plasma lactate.
Horses separated at 53.1km*. Note: only fit horse galloped between 53.1 and 61.6km from start. Unfit
horse retired after 61.6km (Frape et al. 1979).



Energy metabolism 37

sk ———— Fit horse (F)
Unfit horse (UF)
\ < > Overnight rest
g
g
g 4
L8]
&
3
bo
E
@ 3 -
= Gallop
16 h
< >
2 e
i | | ] ] 1 |
143129159156 127239 152 (F)
148 (UF)

Speed (km/h)

| ] ] | | i | | | | | |
0 0 40 8912917.735453.161.670.870.8 70.8

Total distance attained (km)

Fig. 2.5 Effect of speed and distance achieved on the concentration of plasma glucose in two horses
(Frape et al. 1979).

In a more general sense, hypoglycaemia (low blood glucose) contributes to a
decrease in exercise tolerance. Therefore, horses and ponies conditioned to gluco-
neogenesis — that is, the production of glucose from noncarbohydrate sources
through adaptation and training (Fig. 2.1) - may more readily withstand extended
work. Hypoglycaemia may occur when extra-hard exercise coincides with a peak in
insulin secretion, suggesting that horses and ponies conditioned to gluconeogenesis
through high-roughage diets, may more readily cope with sustained anorexia
(persisent lack of appetite, usually through feed scarcity).

Glucose represents a much larger energy substrate in individuals given a high-
grain diet, whereas VFAs will do so in those subsisting on roughage. Horses and
ponies accustomed to a diet rich in cereals will have, in a rhythmical fashion, greater
peaks and lower troughs of blood glucose than those individuals maintained on a
roughage diet, owing to differences in insulin secretion and the differences in rates
of consumption of the two types of diet. The grain-fed horse at peak blood glucose
is more spirited, and less so in the trough, but cannot necessarily sustain work better
at the peak. The practical corollary of this is that individual horses and ponies
accustomed to a diet rich in concentrates should be fed regularly and frequently in
relatively small quantities, not only to prevent the occurrence of colic, but also to
smooth out the cyclic changes in blood glucose (preparation for exercise is a differ-
ent matter and is discussed in Chapter 9). In Fig. 2.6 the energy transfers of the
young adult working horse are summarized.
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Fig. 2.6 Energy transfers in the young adult working horse.

Appetite

There is conflicting evidence about the factors that control appetite and hunger in
horses and ponies. It is clear that amounts of NEFA in the blood are not significantly
different between satiated individual animals and those with a normal hunger. It
also seems that satiety is not directly associated with an elevation in blood glucose,
although individuals with low concentrations of blood glucose tend to eat more and
faster. Blood-glucose concentration in ponies may not influence the amount of food
consumed in a meal, but it may influence the interval between voluntary feeds,
without affecting the amount consumed when the pony goes to the feed trough.
Supplementary corn oil seems to extend the interval before the next meal and
reduce total feed intake 3-18 hours after administration.

A trigger mechanism controlling the feeling of satiety, or hunger, in the horse or
pony may be the amount of digestion products (especially glucose) in the intestine
and VFA production in the caecum. That is, when these products in the intestinal
lumen and mucosa attain certain concentrations, eating stops, and this may be
mediated by afferent vagal nerve fibres. With access to feed, eating recommences
when these concentrations have fallen below a certain threshold. The degree of fill
in the stomach and the blood-glucose concentration, according to this evidence,
have no influence on eating; but taste, visual contact between horses, energy density
of feed, rate of eating and time of day all seem to influence feed intake. The practical
interpretation of this for feeding management is considerable and will be discussed
in Chapter 6.
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AMINO ACIDS

Proteins consist of long chains of amino acids, each link constituting one amino acid
residue. In all the natural proteins that have been examined, the links, or o-amino
acids, are of about 20 different kinds. Animals do not have the metabolic capacity to
synthesize the amino group contained in half the different kinds of amino acid. The
horse and other animals can produce certain of them from others by transferring the
amino group from one to another carbon skeleton in a process known as transami-
nation. Ten or eleven of the different types cannot be synthesized at all, or cannot
be synthesized sufficiently fast, by the horse to meet its requirements for protein in
tissue growth, milk secretion, maintenance etc. Plants and many microorganisms
can synthesize all 25 of the amino acids. Thus, the horse and other animals must
have plant material in their diet, or animal products originally derived from plant
food, in order to meet all their needs for amino acids (i.e. they are unable to survive
on an energy source and inorganic N). Whether or not microorganisms, chiefly in
the horse’s large intestine, synthesize proteins, the amino acids of which can be
utilized directly by the horse in significant amounts, is still a contentious issue. The
consensus is that although this source makes some contribution, probably in the
small intestine, only small amounts of amino acid can be absorbed from the large
intestine and by far the major part is voided as intact bacterial protein in the faeces.

During the digestion of dietary protein, the constituent amino acids are released
and absorbed into the portal blood system. The amount of protein consumed by the
horse may be in excess of immediate requirements and although there is some
capacity for storing a little above those needs in the form of blood albumin, most
excess amino acids, or those provided in excess of the energy available to utilize
them in protein synthesis, are deaminated in the liver with the formation of urea.
The concentration of urea rises in the horse’s blood (Fig. 1.6), although some of the
amino-nitrogen may be utilized in the liver for the synthesis of dispensable amino
acids (Fig. 2.7). An increase in the blood concentration of urea in endurance horses
may simply reflect rapid tissue protein catabolism for gluconeogenesis in glycogen
depletion (Fig. 2.8). In addition, of course, the carbon skeleton of deaminated
dietary glucogenic (e.g. glycine, alanine, glutamic acid, proline, methionine) and
ketogenic (e.g. leucine and in part isoleucine, phenylalanine and tyrosine) amino
acids is used as an energy source.

The extent to which dietary protein meets the present requirements of the horse
depends on its quality as well as its quantity. The more closely the proportions of
each of the different indispensable amino acids in the dietary protein conform with
the proportions in the mixture required by the tissues, the higher is said to be the
quality of the protein. If a protein, such as maize gluten, containing a low proportion
of lysine is consumed and then digested, the amount of it which can be utilized in
protein synthesis will be in proportion to its lysine content. As the lysine is limiting,
little of it will be wasted, but, conversely, the other amino acids, both dispensable
and indispensable, will be present in excessive quantities and so will be deaminated
to an alarming extent.
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Synthetic supplements

If the relative deficiency of lysine in the gluten is made good by supplementing the
diet with either a good-quality protein, such as fish-meal, or with synthetic lysine,
then the amounts of each of the amino acids available in the blood plasma will more
closely conform with the requirement, so that proportionately more of those amino
acids can be used for protein synthesis (Fig. 2.7). It has been shown that the
proportions of amino acids in the common sources of feed proteins given to horses
and ponies are such that lysine is the indispensable amino acid most likely to limit
the tissue utilization of the protein and threonine the second most likely.

Several studies have been undertaken with growing TB and Quarter Horses to
measure their growth response to the addition of lysine-HCI to conventional 12%
crude protein concentrates containing maize, oats and soya-bean meal, fed with hay.
Graham ef al. (1993) gave such a concentrate, to appetite, twice daily with coastal
Bermuda grass hay (1kg/100kgBW) to yearlings for 112 days (Table 2.1). The
concentrate was supplemented with 2 g/kg diet lysine or with 2 g/kg lysine plus 1 g/kg
threonine, or neither. Amino acid supplementation increased the rate of body
weight gain and the efficiency of gain, while decreasing serum urea content. This
reduction would indicate that threonine improved the amino acid balance of the
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Table 2.1 Treatment mean response (with SEs) of TB and Quarter Horse yearlings to amino acid
supplementation of a concentrate mix (Graham et al. 1993).

Gain per feed Daily weight Girth gain Urea N
(g/kg DM) gain (g/day) (cm) (SE) (mg/g serum)
(SE) (protein) (SE)
Basal 71.0 570 (20) 9.7 (0.49) 2.6 (0.20)
Basal + lysine 772 640 (20) 10.1 (0.46) 2.5(0.19)
Basal + lysine + threonine 78.7 670 (20) 11.3 (0.47) 2.0 (0.19)

diet. Threonine increased the increment in muscle gain over the increment owing to
lysine, as indicated by an absence of an increase in rump fat with the amino acid
supplements.

Even lower protein pasture supplements have been used. Grazing TB mares and
foals were given either a 14% CP mix composed of maize, soya-bean meal and corn
oil, or a 9% CP mix supplemented with 6g/kg L-lysine and 4g/kg L-threonine
(Staniar et al. 1999). Growth rates were similar over 12 months, although the latter
group of foals grew faster in October, following weaning, when pasture quality was
declining.
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Inadequate dietary protein and hormone and neurotransmitter secretion

It has been proposed in several quarters that the NRC (1989) recommendations for
protein in exercising horses are excessive, as the NRC consider that these require-
ments are proportional to energy requirements. Nevertheless, Wickens et al. (2003)
observed that N retention was increased over a 14-day period by increasing the
protein intake of exercised horses to 12.5% above the NRC (1989) recommenda-
tions. This may be an inadequate period and measure of assessment, as urinary N
increased, and other influences on N metabolism during running, as described in
Chapter 9, may be more relevant.

In support of Wickens et al. (2003), and using published data, Lawrence et al.
(2003b) estimated the N retention (not accounting for losses in sweat) of exercising
and sedentary horses to be 93 and 53mg/kg BW, respectively. Moreover, supple-
mentation of the diet of lightly exercised adult horses with 2.5¢g lysine and 2.0g
threonine per kg diet increased their muscle mass over a 14-week period (Graham-
Thiers et al. 2003).

Inadequate dietary protein causes a fall in the concentration of plasma albumin,
total protein and, according to Scandinavian evidence, in the concentrations of
plasma free essential amino acids: isoleucine, leucine, lysine, phenylalanine, threo-
nine and valine (see Chapter 8). These changes severely restrict the rate of protein
synthesis and may influence hormone secretion. Aspartic acid and glutamic acid are
secretogogues for growth hormone and aspartic acid to some extent for gonado-
tropic hormones, whereas arginine and lysine are secretogogues for prolactin and
insulin (Sticker et al. 1999). Tryptophan is a precursor of the neurotransmitter
serotonin. Nevertheless, an oral dose of 50g tryptophan in Standardbreds, two
hours before exercise, was insufficient to induce a serotonin response, although
maximum mean heart rate during exercise was decreased (Vervuert et al. 2003c).

Digestibility of protein

Another attribute of dietary protein that should not be neglected when alternative
feeds are available is digestibility. For example, leather is a rich source of protein,
but valueless to the horse because of its low digestibility. Most proteins have an
apparent digestibility coefficient of 0.6-0.8, but this indicates only the amount of N
digested. Protein that reaches the large intestine does not provide amino acids that
are absorbed in significant amounts. Precaecal apparent digestibility of most amino
acids is 0.3-0.6 (Almeida et al. 1999, and see also this book, Chapter 5), implying that
small intestinal digestibility of amino acids is the critical criterion for comparing
dietary sources. A feature related to that of digestibility is availability of amino acids
and of lysine in particular. In practice, a reduction in lysine availability is encoun-
tered when skimmed milk, fish-meal and meat meals are overheated during process-
ing. The excessive heating in milk leads to a reaction between some of the lysine and
both unsaturated fats and the reducing sugar, lactose. These reactions lead to
products from which the animal’s digestive system cannot recover the lysine.
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In summary, the protein value of a diet is the product of the amount, quality and
digestibility of its constituent amino acids.

NON-PROTEIN NITROGEN

Urea is synthesized in the liver from amino acids present in excess of need so that a
rise in dietary protein above requirements is associated with a rise in plasma urea
(Figs 1.6, p. 27, and 2.7). In ponies given diets containing from 6% to 18% protein,
between 200 and 574mg urea N/kg metabolic BW (W*”) daily are recycled and
degraded in the intestinal tract. In a pony weighing about 150kg, this range is
equivalent to 54-154 g crude protein daily.

While urea is within the tissues of a horse it cannot be degraded or otherwise
utilized. However, when provided with an adequate source of dietary energy, micro-
organisms — chiefly in the large intestine — utilize it in protein synthesis, first degrad-
ing urea to ammonia by the action of bacterial urease. In the absence of an adequate
supply of energy, which is normally present as fibre, starch and protein, a proportion
of the ammonia, at a relatively neutral pH, diffuses back into the blood and may not
be effectively utilized either by the horse or by its captive microorganisms (NH;-
nitrogen may be incorporated by the liver into nonessential amino acids during
transamination reactions, but this would not necessarily increase net N balance).

A fine balance is required, for in the absence of sufficient nitrogen, microbial
growth cannot occur at a maximum rate and therefore a maximal rate of fibre
breakdown and utilization will not prevail. Whereas circulating urea is nontoxic to
the horse, except when very high concentrations affect osmolality, the absorbed
ammonia is highly toxic. A healthy liver copes adequately with low concentrations
in the amination of keto acids, forming dispensable amino acids, and by urea
synthesis. However, if liver failure occurs, and this is more frequent in older horses,
ammonia intoxication can occur without any increase in blood urea (see Chapter
11).

Limited evidence (Fig. 1.6, p. 27) does not support the widely held view that
excessive protein consumption per se predisposes horses to laminitis. The flow of
urea and other nitrogen compounds into the large intestine from the ileum varies
with the quantity of diet and its type (Table 1.6). These digesta are relatively
impoverished of nitrogen in horses receiving a diet of straw. The provision of non-
protein nitrogen (NPN) or, for that matter, of protein as a supplement to this diet,
results in an increased flow of nitrogen and a stimulation of microbial growth in the
large intestine. Urea, or more effectively biuret, added to low-protein diets in
concentrations of 1.5-3%, has increased nitrogen retention in both adult and grow-
ing horses with functioning large intestines, and pregnant mares subsisting on poor
pasture apparently benefit from the consumption of supplementary urea.

Nevertheless, in most other circumstances the response to a urea supplement is
poor and difficult to justify. Martin et al. (1996b) found that no nutritional benefit
could be derived by mature horses from urea supplementation of a low-protein diet,
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in that N balance was not increased. Where urea has been given to lactating mares
the limiting factor has usually been energy intake. In this situation, feed intake and
body weight have been depressed and plasma urea N has been increased without
raising blood ammonia concentration.

The addition of urea or biuret to low-protein, poor-quality hay diets may increase
DM and fibre digestion as well as N retention by stimulating microbial growth.
These effects are, however, small from a practical viewpoint. Detailed studies with
adult geldings, conducted by Martin et al. (1996b), failed to find any improvement in
barley straw digestion, measured as dry matter, organic matter or neutral detergent
fibre digestibility, from the addition of 20.3 g urea/kg dietary DM to a diet containing
44¢g/kg N.

In summary, it would seem that horses and ponies with functioning large intes-
tines and given diets containing less than 7-8% crude protein may make only minor
use of supplementary NPN as an adjunct to that secreted back into the small
intestine in digestive secretions and more directly from the blood. The reason for
this is that bacterially synthesized amino acids are absorbed from the large intestine
in only small amounts. In ruminants, large amounts of soluble N entering the rumen
lead to a rapid production of ammonia and therefore to ammonia toxicity.

Treatment of ammonia toxicity

Ammonia toxicity, expressed as hyperammonaemia (blood levels exceeding
150 umol/l; note that careful sample handling is required, with rapid analysis),
caused by excessive dietary non-protein nitrogen, or protein, is less likely in the
healthy horse with normal hepatic function, chiefly because much of the nitrogen is
absorbed into the bloodstream before it reaches the regions of major microbial
activity in the large intestine. Nevertheless, hyperammonaemia has been produced
experimentally from the ingestion of large amounts of urea, but in these cases blood
urea is also elevated. Where serum urea levels are normal (6-8 mmol/l), liver dys-
function is frequently the cause of hyperammonaemia with encephalopathic signs
(ammonia readily crosses the blood-brain barrier to compete with K"). Peek et al.
(1997) reported evidence of hyperammonaemia associated with normal blood urea
and liver enzyme levels, but with hyperglycaemia and acidaemia. Clinical signs
included head pressing, symmetric ataxia, tachycardia and diarrhoea, and behaviour
suggesting sudden blindness and abdominal pain.

Ammonia interferes with the citric acid cycle, oxidative phosphorylation and
aerobic metabolism, resulting in lactic acidosis and hyperglycaemia. Treatment
should therefore include administration of fluids, excluding dextrose, but including
strong ions to counteract acidosis, given slowly intravenously. Where liver dysfunc-
tion has been eliminated as a cause, the origin of the ammonia is likely to be the
large intestine. In this case, oral acidifying agents, such as lactulose, should also be
given. They decrease ammonia absorption by converting it to the ammonium ion.
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PROTEIN FOR MAINTENANCE AND GROWTH

Maintenance

Tissue proteins are broken down to amino acids and resynthesized during normal
maintenance of adult or growing animals. This process is not fully efficient and,
together with losses of protein in the sloughing of epithelial tissues and in various
secretions, there is a continual need of dietary protein to make good the loss.
However, these losses are relatively small in comparison with the protein synthesis
of normal growth, or milk production, and proportionately less lysine is required. It
follows that less protein, or protein of poorer quality, is needed for maintenance
than is necessary for growth or milk secretion. Nevertheless, it has been shown
that the protein needs of the adult horse for maintenance are less when good-
quality protein is provided than when poor-quality protein is given. For example,
adult TB mares were shown to remain in nitrogen balance when given 97g fish
protein/day, but they required 112 g for balance when the protein source was maize
gluten.

The protein needed by the horse for body maintenance can be defined as the
amount of protein required by an individual making no net gain or loss in body
nitrogen and excluding any protein that may be secreted in milk. In these circum-
stances the animal must replace shed epithelial cells and hair, it must provide for
various secretions and keep all cellular tissues in a state of dynamic equilibrium. The
losses are a function of the lean mass of body tissues, depicted as a direct proportion
of metabolic body size. For most purposes, the latter is considered to be the body
weight (BW) raised to the power 0.75, and evidence suggests that horses daily
require about 2.7 g digestible dietary protein/kg BW"”. A horse weighing 400kg
would therefore need daily about 240 g digestible protein, or 370g dietary crude
protein. This assumes that the protein has a reasonable balance of amino acids,
although, as already pointed out, the lysine content of the protein for maintenance
need not be as high as that required for growth (discussed in more detail in Chapter
6).

Growth

A young horse with a mature weight of 450kg normally gains 100kg between three
and six months of age at the rate of 1kg daily. Growth rate in kilograms per day
declines during the succeeding months and it therefore gains the next 100 kg between
about 6 and 12 months of age and 75kg between 12 and 18 months (Hintz 1980a).
From a very young age the rate of gain per unit of body weight decreases con-
tinuously, while the daily maintenance requirement increases (Chapter 8). As the
weaned foal grows, an increasing proportion of that daily gain is composed of fat and
a decreasing proportion is lean. It is thus apparent that the dietary requirement for
protein and the limiting amino acid lysine decline with increasing age in the growing
horse. For colts aged three months, a maximum rate of gain has been achieved with
diets containing 140-150 g protein/kg and 7.5 g lysine/kg.
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Diets may differ in the amount of digestible energy they provide per kilogram.
For obvious reasons it is more accurate to state the protein requirements as a
proportion of the digestible energy (DE) or net energy (NE) provided. Current
evidence suggests that TB and Quarter Horse yearlings require 0.45 g lysine per MJ
DE (Chapters 6 and 8). A compound stud nut for young growing horses may contain
about 12-13 MJ DE/kg and oats about 11 MJ DE/kg. However, hard hay, containing
50-60 g protein/kg may provide 7.5-8 MJ DE/kg. If the yearling consumes a mixture
(approximately 50 : 50) of concentrates and hay, the diet provides on average 10 MJ
DE/kg and the minimum lysine requirement is 4.5 g/lkg total diet (i.e. 0.45 g/MJ
DE). Hay of 50-60 g/kg protein may contain only 2 g/kg digestible lysine and there-
fore the concentrate should contain at least 7 g lysine/kg in order to meet the
minimum requirement. A yearling consuming 9 kg daily of total feed of this type
would receive about 40 g lysine.

Much of the growth of horses may take place on pasture. Leafy grass protein of
several species has been shown to contain 55-59¢ lysine/kg. During the growing
season the protein content in the dry matter of grass varies considerably from 110 to
260 g/kg in the leaf, whereas the flowering stem contains only 35-45 g/kg. Thus, the
lysine content of the grazed material as a fraction of air-dry weight can vary from 5
to about 13g/kg, and, if a leafy grass diet is supplemented with a concentrate
mixture, the lysine and protein requirements may be met by cereals as a source of
that protein. Because the quality of pasture varies so much, the use of cereals alone
may mean that the protein and lysine requirements are not always met and, of
course, the mixture may be inadequate as far as several other nutrients are con-
cerned. Table 10.4, p. 375, gives some analytical data for pasture in several months
of the grazing season.

Laminitis and energy intake

Increased risk of laminitis and colic have been associated with an abrupt overload
of non-structural carbohydrate (NSC), attributed to hydrolysable carbohydrate
(CHO-H) in grain concentrates as well as to rapidly fermentable carbohydrates
(CHO-Fy) in pastures. Hoffman et al. (2001) demonstrated that CHO-H accounted
for 97% or more of the NSC in concentrates, but for only 33% of it in pasture and
hay, the remainder of NSC being CHO-Fy. These workers found that pasture was
surprisingly rich in CHO-Fy during the autumn and this fraction of NSC is a major
contributor to laminitis risk. Horses should be adjusted gradually to lush pasture by
slowly increasing their daily period of access to allow the microbial population of the
large intestine to adapt. Similar advice applies to concentrate feeding.

De Fombelle et al. (1999a) abruptly introduced 30% or 50% of the DM as barley
into a hay diet, as part of two daily meals for ponies. At each meal the barley was
consumed before the hay. The amount of starch did not exceed 2.3g/kg BW per
meal, but the colonic lactate concentration increased tenfold and the Lactobacillus
and Streptococcus populations were increased in the right ventral colon five hours
following the diet change, without a significant decrease in the pH. Fourteen days
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after adaptation to the 50% barley the large intestinal pH had dropped from 6.74 to
6.26, associated with a decline in the population of cellulolytic bacteria. A conse-
quential reduction in the digestion of fibre could create a favourable situation for
large intestinal impaction (Reeves et al. 1996) (a method for ad libitum feeding of
concentrates is outlined in Chapter 8 and laminitis is discussed in detail in Chapter
11). As horses utilise dietary fat efficiently, the gradual introduction of a diet rich in
fat and fibre should play a useful role in prevention of digestive and metabolic
disorders (Williams et al. 2001b).

Laminitis control

The laminitic risks associated with body-fat accumulation in overweight animals
should be appreciated. Feed intake should be reduced gradually to decrease fat
deposition, consistent with the avoidance of hyperlipidaemia. For horses and ponies
of both normal- and high-condition score the selection of feeds suitable for laminitis
requires analytical evidence.

General requirements of analytical method
The analytical method should be capable of estimating the following in feed:

e total starch* plus indigestible, rapidly fermentable carbohydrate (CHO-Fy); and

e neutral detergent fibre (NDF). (Improved analytical methods for fibre have
been discussed and, no doubt, will be gradually introduced, see McCleary 2003,
and associated papers).

The procedure of Hoffman ez al. (2001) (Fig. 2.9) will allow these characteristics of
the feed to be estimated from determinations of the moisture, crude protein, fat, ash
and NDF. The non-structural carbohydrate (NSC) may then be calculated by sum-
mating these five determinants and subtracting from 100. Average NDF values of
feeds are given by NRC (1989) and some will be found in Appendix C.

The NSC consists of hydrolysable carbohydrates (CHO-H) and rapidly-
fermentable carbohydrate (CHO-Fy). The majority of CHO-F; would reach the
large intestine, whereas the proportion of CHO-H reaching the large gut would
depend on:

e its digestibility; and
e the quantity of feed given in a meal.

If the feed material contains a small quantity of mono- and disaccharides (excepting
lactose), which are normally digested in the small intestine, they may be extracted
with boiling water. The remaining CHO-H may then, if necessary, be determined
following enzymatic hydrolysis of starch. The value of (CHO-F; + CHO-H) should

* It is informative to have an estimate of the fraction of starch that is digestible, the remainder being
‘resistant’ starch (resistant to hydrolysis by digestive enzymes).



48 Equine Nutrition and Feeding
Hexoses
Hydrolysable Disaccharides
Carbohydrate
(CHO-H) Oligosaccharides (some)
direct analysis
Starches
Rapidly digestible
Slowly digestible

.

as digested
Hydrolysable
(CHO-H)

Non-Structural
Carbohydrate

~/NSC)/

‘by difference’

Resistant Starches

Resistant granules-

Retrogradedy
L

Galacto-Oligosaccharides
Fructo-Oligosaccharides

Physically indigestible

/éé//éé-’/%//éé//

Soluble fibre
Gurns
Mucilages
Pectins

SANW

Algal polysaccharides

G

as digested
Fermentable
(CHO-F)

Non-Starch>
Polysaccharides
N(NSP)

- -

! NDF L-

AN

KELELLN
g .

v ADF

.
Ssmmmn?

ADL 4——“;?

Total Dietary
| Fibre (TDF)

s

— ]
.

/-

icelluloses

\\w§ Ligno-cellulose

L.

!

Lignin
GSEssEmEEEEEEn

Fig. 2.9 A scheme of dietary carbohydrate fractions for the horse taken from Hoffman ef al. (2001).

Proximate analysis fractions of the diet are noted on the left of the figure. NSC is estimated as a
difference: NSC = 100 — (water + protein + fat + ash + NDF). The fraction, Total Dietary Fibre, is
frequently mentioned in descriptions of foods for human consumption. The fractions, as used by the
horse, digestible carbohydrate (CHO-H) and fermentable carbohydrate (CHO-F), are noted on the right
of the figure. CHO-H is the carbohydrate fraction that is digested by the horse with the release mainly
of glucose, unless excessive amounts of starch are given in a meal, whereas resistant starches will pass to
the hind-gut and together with excess CHO-H will constitute a risk of digestive upset. CHO-F is further
subdivided into a rapidly fermented fraction (CHO-Fy), contributing to the risk, and a slowly fermented

fraction (CHO-Fs). Reproduced with permission, Hoffman et al. 2001.
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not exceed 0.25% body weight per meal to provide a reasonably low risk of diet-
related laminitis.

It is recognised that pasture, as a feed source, presents major issues, in both
definition of its chemical characteristics and quantity grazed per hour. In order to
prevent excessive grazing it is necessary for the horse to eat an adequate amount
of a safe feed before it is released onto pasture. This can be difficult to achieve.
Evidence indicates that fructans (and possibly other indigestible oligosaccharides,
all of which are components of CHO-Fy) present in pasture plants are a major cause
of laminitis. It has been estimated that a 500kg horse at pasture would on average
consume 1.8kg of readily fermentable CHO-Fg per day.

In respect of laminitis risk, safe feeds include:

e good quality hay;

e nutritionally improved straw (NIS);
e cereal straw;

e oat feed;

e soya hulls; and

e vegetable oil.

Feeds acceptable in restricted quantities:

e dried lucerne and grass pellets;
e molasses;

e wheat bran; and

e sugar beet pulp.

STUDY QUESTIONS

(1) The horse evolved as a browsing animal engaging in many small feeds each
day. What impact has this had in respect of:
(a) food selection and metabolic responses;
(b) social habits; and
(c) safety in the wild?

(2) What is meant by limiting dietary amino acid and what is the relation, if any,
between this and (a) maintenance diets and (b) production diets? What is
meant by nitrogen balance?

(3) What factors should be considered when a horse has lost its appetite for
sufficient feed to maintain body weight?

FURTHER READING
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Chapter 3
The Roles of Major Minerals and Trace Elements

Grass is the first nourishment of all colts after they are weaned. . . . Whereas when they are fed
with corn and hay, but especially with the first, . . . it exposes them to unspeakable injuries.
W. Gibson 1726

MAJOR MINERALS

Calcium (Ca) and phosphorus (P)
Function

The functions of calcium and phosphorus are considered together because of their
interdependent role as the main elements of the crystal apatite, which provides the
strength and rigidity of the skeleton. Bone has a Ca:P ratio of 2:1, whereas in the
whole body of the horse the ratio is approximately 1.7:1.0, because of the P distri-
bution in soft tissue. Bone acts as a reservoir of both elements, which may be tapped
when diet does not meet requirements. The elements of bone are in a continual state
of flux with Ca and P being removed and redeposited by a process that facilitates the
reservoir role and enables growth and remodelling of the skeleton to proceed during
growth and development. The acute role of Ca relates to its involvement in a soluble
ionic form for nerve and muscle function. Consequently [Ca*"] concentration in the
blood plasma must be maintained within closely defined limits.

Control of plasma Ca ion concentration and Ca and P metabolism

The flux and distribution of Ca and P in the body are strictly regulated by two
proteinaceous hormones in particular, functioning antagonistically at the blood—
bone interface, the intestinal mucosa and the renal tubules (see also under ‘Vitamin
D’, Chapter 4). The two hormones are the potent parathyriod hormone, secreted by
the parathyriod glands adjacent to the thyroid glands, and the less significant calci-
tonin, secreted by the parafollicular cells of the thyroid gland. A slight decrease in
[Ca®"] concentration in extracellular fluid of horses causes the immediate secretion
of parathyroid hormone (Estepa et al. 1998) and the stress of pregnancy and lacta-
tion cause the enlargement of the parathyroids. Excessive [Ca™] concentration, as
occurs in vitamin D toxicity, leads to a decreased activity and size of the glands.
Calcitonin, on the other hand, rapidly decreases blood Ca ion concentration by
decreasing osteoclastic, and increasing osteoblastic, activities.

51
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Table 3.1 Mean values and ranges for serum total concentrations (mmol/l) of electrolytes in horses
of different ages. (Modified from published tables of S.W. Ricketts, Beaufort Cottage Laboratories,
Newmarket, Suffolk.)

Birth to 36h 3 Weeks Yearlings Horses in Mares
training at stud
Ca Mean 32 32 33 34 34
Range 2.7-3.6 2.5-4.0 2.7-4 2.6-3.9 2.9-39
P Mean 2.5 25 1.8 1.3 1.1
Range 1.2-3.8 1.6-3.4 14-2.3 1.1-1.5 0.5-1.6
Na Mean 136 137.5 138.5 138.5 138.5
Range 126-146 130-144 134-143 134-143 134-143
K Mean 4.8 4.5 43 43 43
Range 37-54 3.6-5.4 33-53 33-53 33-53
Mg Mean 0.83 0.81 0.78 0.78 0.78
Range 0.57-1.10 0.66-1.10 0.62-1.10 0.62-1.10 0.62-1.10
Cl Mean — — — — —
Range Normal range for all ages 99-109

The horse kidney seems to play a greater part in controlling concentrations of Ca
in the blood than does the intestinal tract and this may have practical significance for
diet and renal disease. The mean values and ranges for serum total Ca and P, among
others, are listed in Table 3.1. It should be noted that normal resting plasma
phosphate concentration decreases with increasing age and that ionized plasma Ca
concentration is approximately 1.7 mmol/l lower than the total values given in the
table.

Serum phosphate values vary without untoward physiological effects. For
example, strenuous exercise can depress blood phosphate to half the resting value
for 2-2.5 hours. Nutritional secondary hyperparathyroidism (NSHP) is a diet-
related clinical disorder of horses in which serum phosphate is slightly raised and
serum [Ca”] values are slightly depressed (Figs 3.1 and 3.2).

NSHP is well recognised, but is much less common today. Its typical presentation
is fibrous osteodystrophia of the facial bones (‘big-head’), present in a pony I once
purchased from the Welsh hills. Nevertheless, NSHP occasionally occurs without
the typical facial abnormality (Little et al. 2000). Other clinical signs include a stiff
gait, or shifting-limb lameness, abnormal mastication with oral dysphagia and upper
airway stridor.

Ca and P in bone

Horses have no ‘horse sense’ when it comes to selecting a diet containing a balanced
mixture of Ca and P — they prefer the palatability of a P-rich diet, whereas this is not
available for selection in the natural grazing environment. Hence, a dietary Ca
deficiency is not an infrequent occurrence among domestic horses.

Inadequate dietary Ca and P for growing foals causes a delay in the closure times
of the epiphyseal plates of long bones and contributes to developmental orthopae-
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dic disease (DOD). In adult working horses it causes lameness and bone fractures.
Failure of the osteoid, or young bone, to mineralize is called rickets in young and
osteomalacia in adult horses (some authorities argue that true rickets does not occur
in the foal).

In extreme cases, when mineral is being reabsorbed from bone, the outcome may
be generalized osteodystrophia fibrosa in which fibrous tissue is substituted for hard
bone as occurs in the facial bones (‘big-head’). In the presence of vitamin D in each
of these conditions the body, through the agency of parathyroid hormone (PTH), is
endeavouring to maintain homeostasis of blood Ca by accelerating the removal of
Ca from the bones and increasing the tubular reabsorption of Ca. Diets based on
wheat bran and cereals are rich in organic P and low in Ca, predisposing horses to
these conditions.

The tendency to lower blood [Ca®*] leads to increased bone resorption, increased
renal excretion of phosphate, an increased rate of bone-mineral exchange and to a
greater susceptibility of bones to fracture. Deposition of Ca salts in soft tissue,
including the kidney (nephrocalcinosis), may also be apparent. A physiological
example of rising serum PTH concentration occurs in periparturient mares during
mammary secretion of Ca when there is a decrease in serum total and ionized Ca
concentrations (Martin et al. 1996a), and an active fragment of PTH has been
detected and measured in mare’s milk (Care et al. 1997). The hormone calcitonin, or
thyrocalcitonin as it is secreted by the parafollicular C cells of the thyroid gland,
opposes the effects of PTH. When plasma Ca concentration is elevated, PTH
secretion is decreased, reducing plasma Ca by decreasing the activity of osteoclasts
and increasing that of osteoblasts.

Hypocalcaemia

(See also Chapter 9.) Ca is principally an extracellular cation existing in ionized
[Ca™], complexed and protein-bound forms. The ionized form is physiologically
active and its concentration in blood plasma is precisely controlled, but the concen-
tration is influenced by acid-base changes. Normal serum total Ca concentration in
the horse is 3.2mmol/l and ionized Ca concentration is about 1.5mmol/l, although
laboratory method influences the values obtained.

Pronounced hypocalcaemia is unlikely to result from a dietary inadequacy of Ca,
but rather from metabolic alkalosis. Thus, hypocalcaemia may occur in adult horses
as a post-exertional stress. The clinical signs are: muscle fasciculation and tetanic
spasms, incoordination, synchronous diaphragmatic flutter, decreased gut sounds
and even inability to stand. Extended work and overheating lead to a rise
in blood pH that depresses the concentration of [Ca™] in the blood. Moreover,
elevated body temperature per se can bring about a loss of 350-500mg Ca/hour in
sweat and this rate of loss may exceed the capacity of blood replenishment by bone
mobilization.

Fast exercise causes a fall in blood pH and is generally expected to be associated
with a slight rise in plasma [Ca™]; but, surprisingly, Vervuert et al. (2002, 2003b)
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detected a fall in plasma pH and [Ca®], but rises in lactate, P; (inorganic P) and
intact PTH. Low-speed exercise resulted in an increase in pH, whereas lactate,
[Ca™], total Ca, P, and PTH were unchanged. Nevertheless, in accord with the
assumed mechanism for homeostatic control of plasma ionised Ca, a close negative
relationship between intact PTH and [Ca®*] was maintained (Vervuert et al. 2002).
Intact PTH is a mediator in counter-regulation of exercise-induced hypocalcaemia
by reabsorption of renal Ca or by osteoclast-mediated bone resorption.

Van der Kolk et al. (2002) determined the normal range of [Ca®] values for
healthy horses to be 1.45-1.75mmol/l heparinized blood and 1.58-1.90mmol/l
serum. (Spanish work showed that when plasma [Ca®] fell to 1.25mmol/l, PTH
attained a maximum of >80 pg/ml, but, when plasma [Ca*"] rose to 1.8 mmol/l, PTH
dropped to a minimum of <12pg/ml). Van der Kolk et al. (2002) showed that the
average EDTA plasma concentrations for intact PTH and for C-terminal PTH were
respectively 0.6 pmol/l and 96 pmol/l. Spanish work, on the other hand, indicated a
plasma PTH concentration of 20-30 pg/ml, determined by radioimmune assay, em-
ploying an antibody against intact human PTH, and 35-45pg/ml with an antibody
against the amino-terminal region of rat PTH. This fragmented region possesses
biological activity. Van der Kolk’s values for intact PTH are lower than the Spanish
values (0.6 pmol/l = 5.7 pg/ml, human PTH, MW 9424).

As [Ca’"] concentration varies with blood pH, Van der Kolk computed a predic-
tion equation for heparinized blood at pH 7.4:

[Ca™], 1174 MmOV = —6.4570 + 0.8739 (PHpeasured) + 0.9944 ([Ca*|easurea Mmol/T)

The intravenous (i.v.) administration of a solution of 50-100mmol CaCl,, or Ca
gluconate, in 11 over 30min should resolve the clinical signs of hypocalcaemia.
The higher dose may cause cardiac arrhythmias and so administration should be
accompanied by cardiac auscultation, decreasing the rate of dosing if necessary.
Hypercalcaemia also induces cardiac arrhythmias (hypo- and hypercalcaemias, re-
spectively, prolong and shorten the Q-T interval of the electrocardiogram).

Dietary levels of Ca and P in relation to requirement

Excessive amounts of dietary Ca do not seem to initiate the kinds of dietary
problems encountered in other domestic species. However, one experiment
in which Shetland foals aged four months were given a diet containing 25¢g Ca/kg,
with a Ca:P ratio of 6:1, for four years (Jordan et al. 1975) resulted in a slight
enlargement of the marrow region of the long bones and thinning of the
cortical area, together with less bone mineral per unit of cortex. Lameness
through loss of support for tendons and ligaments is frequently a characteristic of
resorption of cortical bone. Excessive amounts of dietary Ca may make bones
brittle, through abnormal bone storage of Ca. However, investigations in which
diets containing 7-27g Ca/kg have been compared for up to two years show that
differences are small; bone density is increased by high-Ca diets and the cortex of
the long bones is slightly thinner (Schryver et al. 1970a, 1971b, 1974a, 1974b). Grace
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Table 3.2 The response of yearling Quarter Horses between 12 and 18 months of age to diets containing
115%, 100% and 85% of the NRC (1989) dietary requirements for calcium (Moffett et al. 2001).

12 months 15 months 18 months

115%

Intake, Ca/day g 28.13 32.87 38.00
Apparent digestibility, % 39.75 42.98 40.36
Retention, g/day 8.07 12.86 11.64
100%

Intake Ca/day, g 25.35 29.14 39.40
Apparent digestibility % 38.75 38.89 55.85
Retention, g/day 6.90 9.93 18.47
85%

Intake Ca/day, g 19.33 21.05 36.60
Apparent digestibility % 38.61 39.97 64.03
Retention, g/day 2.74 7.49 18.87

et al. (1998b) measured the mineral composition of horses aged 150 days (approxi-
mately 190kg BW) and assuming a growth rate of 1.0kg/day on pasture estimated
the daily requirement for Ca and P to be 28 g and 21 g/day respectively.

Rapid growth rate has questionable consequences. Weanling stock-type horses
187 days of age and 236kg BW were fed to increase at 0.97kg/day or 0.49kg/day
(Petersen et al. 2001) on diets that met, or exceeded, NRC (1989) mineral require-
ments. Growth at the faster rate caused a greater increase in bone mineral content,
without any compromise of bone quality. Nevertheless, three of six of these horses
developed clinical signs of physitis, accompanied by joint pain, demonstrated by
knuckling over at the knee, from which they recovered by 302 days of age.

It has been generally shown that bone strength increases with increasing density
and Ca content. Some precision has, therefore, been given to requirements by
measurements of Ca retention. The increase of Ca intake to 115% of NRC (1989)
recommendations (4.8 g Ca/kg diet, 11.7MJDE/kg) in growing horses increases Ca
retention (Moffett et al. 2001) (Table 3.2).

Exercise is critical for bone strength and mineral content in growing horses
(Henry et al. 2003). It has been shown to increase size and mass of the third
metacarpal and serum carboxy-terminal propeptide of type I procollagen (PICP)
concentration of weanling Quarter Horses (Williams et al. 2003a). For these reasons
it is probable that pasturing, as opposed to stalling (Bell ef al. 1999), or holding in
dry lots (Stephens et al. 2003) increases bone mineral content of young horses.

The bone density of juvenile Quarter Horses in training was increased by giving
them moderately large amounts of Ca, P and Mg (respectively 151%, 130% and
159% of NRC 1989 recommendations) cf. lower amounts (respectively 136%, 98%,
and 126% of NRC 1989) (Nolan et al. 2001). Nevertheless, despite higher Ca intakes
than in those described by Moffett et al. (2001, Table 3.2), during the early stages of
training, in long yearlings and two year olds, there is apparently a period of deminer-
alization of bone with a decrease in Ca and P retention, but not in that of Mg
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(Stephens et al. 2001), so that the stress of hard exercise should be delayed. This
demineralization is followed by a period of remineralization.

Bone turnover, including osteoblastic activity, may be tracked with serum
osteocalcin. Bone resorption, i.e. osteoclastic activity, may be tracked by measuring
the carboxy-terminal telopeptide of type I collagen (ICTP) and bone formation is
monitored by measuring the carboxy-terminal propeptide of type I procollagen. It
should be noted, however, that circadian changes in the serum concentrations of
osteocalcin and IGF-I (which regulates bone turnover) of two-year-old TB mares
have been shown. The peak time for osteocalcin was 0900 hours, and that for IGF-
I, with less amplitude, was 1730 hours (Jackson et al. 2003). Amongst horses given
275% of NRC (1989) requirements for Ca and P, cf. those given 133% of the
requirements, the Ca concentration was higher amongst geldings of various ages (2
to >15 year olds) given the greater quantity during both sedentary and exercise
periods (Buchholz et al. 1999) and blood ICTP concentration was increased, indicat-
ing that bone remodelling was accelerated (Mansell et al. 1999). Juvenile racehorses
given Ca, P and Mg intakes that were, respectively, 169%, 132% and 168% of NRC
(1989) recommendations achieved higher rates of bone formation, with lower rates
of demineralization, than did those given lower amounts (Michael et al. 2001). The
revised mineral requirements are given in Table 3.3.

The equine kidney plays a vital part in Ca homeostasis, and daily urinary Ca
excretion shows a direct relationship with intake. In many species the urinary loss of
Ca is raised by increased intakes of sodium, disrupting Ca homeostasis. However,
this relationship does not hold in the horse (see Sodium, this chapter). Diets rich in
Ca yield urine containing a precipitate of Ca salts; the urinary loss of Ca in a 300kg
yearling given a diet containing 20g Ca/kg was 20-30¢ in 6-81 of urine daily (that
is, 0.36% Ca). The absence of calculus formation in the kidney demonstrates
the horse’s ability to deal with large amounts of Ca despite the low solubility of the
element; conversely, a dietary deficiency of Ca yields urine almost devoid of the
element.

In contrast, endogenous loss of Ca in faeces, representing the minimal obligatory
loss that must be replenished from dietary sources, is largely unaffected by the
dietary amounts. Endogenous faecal Ca and P have been estimated, respectively, to
be 36 mg/kg BW and 18 mg/kg BW daily in growing Quarter Horses (Cymbaluk et al.
1989b). Urinary losses of Ca decrease by 50-75% in extended work (Schryver et al.
1975, 1978a), whereas sweat losses increase. During 20 min of hard work, ranges of
80-145mg Ca and 11-17mg P have been found in the total yield of sweat (Schryver
et al. 1978¢). Over a full day’s hard work this source represents a considerable loss
of Ca. On the other hand, horses and ponies idle for long periods retain less Ca than
those worked, when the dietary P concentration is excessive. Following such an
inactive period dietary Ca and P should be raised 20% above minimal requirement
levels.

Horses must absorb about 2.5g Ca/100kg BW daily to balance the obligatory loss.
Absorption rate of good-quality limestone is approximately 50% indicating re-
quired daily intakes of 5g/100kg BW. However, the accumulating evidence given



58 Equine Nutrition and Feeding

above indicates that much higher intakes increase bone density and strength in
growing and young adult horses (Table 3.3).

Intestinal absorption

The lack of impact of dietary Ca on the efficiency of P absorption in the horse may be
related to the fact that Ca and P are absorbed from different regions of the intestine
(Fig. 1.5, p. 25). However, vastly excessive intakes of Ca increase the faecal loss of P
and dietary Ca can affect absorption of other elements. For example, excessive Ca
can depress the absorption of magnesium, manganese and iron owing to competition
at common absorption sites, or possibly to the formation of insoluble salts. Meyer
and colleagues in Germany have reported that 50-80% of dietary Ca and 45-60% of
magnesium are absorbed in the small intestine (Meyer et al. 1982¢), whereas there is
a net secretion of these elements into the large intestine.

True Ca and P digestibilities are reported to decline from 71% to 42% and
from 52% to 6%, respectively, between 6 and 24 months of age (Cymbaluk et al.
1989b). Aged horses may be even less efficient in the absorption of Ca. Meyer’s
group further demonstrated that the site of P absorption varies with composition of
diet. No P is absorbed in the upper small intestine of horses fed solely on roughage,
whereas some is absorbed in the distal small intestine, especially in those given only
concentrates. Large amounts of phosphate secreted into the caecum and ventral
colon probably act as a buffer to VFAs produced there, and the dorsal colon and
small colon are the major sites of absorption and reabsorption of phosphate (Fig. 1.5,

p- 25).

Availability

The net availability of Ca in a variety of feeds has been estimated to lie between
45% and 70%, except where significant amounts of oxalates are present. The dietary
level of phosphate influences Ca absorption. When dietary P, as inorganic phos-
phate, was raised from 2 to 12 g/lkg, Ca absorption was decreased by more than 50%
in young ponies receiving a diet otherwise adequate in Ca (4 g/kg diet) (Schryver
et al. 1971a). Dicalcium phosphate-P or bone flour-P is digested to the extent of 45—
50%. Rock phosphate and metaphosphates are poor sources of P and Ca. Phospho-
rus in salts of phytic acid, the predominant source in cereal and legume seeds, is only
35% available, despite the presence of large numbers of intestinal bacteria secreting
phytase. Phytate-P constitutes at least 75% of the total P in wheat grain and 54-82%
of the P in beans. Phytase supplementation of diets containing 1.8-3.0gP/kg and
based on maize, oats, soya and grass hay failed to increase P digestibility in mature
horses (Morris-Stoker et al. 2001; Patterson et al. 2002).

Large amounts of vitamin D in the diet can increase the utilization of phytin-P,
but as these amounts are almost toxic they cannot be recommended. Phytin-P use
may be improved by the addition of yeast culture to the diet (see ‘Probiotics’,
Chapter 5). Experiments in pigs have shown that the addition of phytase, derived
from Aspergillus niger, to the diet increased phytate digestion. Generally, most
dietary P is of plant origin, which has a lower availability than most sources of Ca
(excluding those rich in oxalates). Therefore growing horses may sometimes receive
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inadequate available P in their diet for normal growth. Pagan (1989) has also argued
that the endogenous P losses by young horses are about double those (20 cf. 10mg/
kg BW) used by the National Research Council (NRC) in estimating the dietary
P requirement. Thus, with some diets, relying on their natural P content, the P
requirement of young horses may not be met.

Oxalates and other dietary factors affecting Ca absorption
The bioavailability, or true digestibility, of dietary Ca varies considerably. The
principal factors controlling bioavailability are:

e amount of dietary Ca (true digestibility is 0.7 at requirement intake, cf. 0.46 at
several times the requirement);

e amount of dietary P (10g P added/kg diet containing 4g Ca/kg reduced true Ca
digestibility from 0.68 to 0.43);

e vitamin D status (of less significance for absorption in the horse than in some
other domestic species);

e dietary phytates and oxalates (phytates and oxalates bind Ca and so reduce Ca
availability; Ca:oxalate < 0.5:1 causes NSHP; implicated grasses rich in oxalates
include: napier, guineagrass, buffel [Cenchrus ciliaris], pangola [Digitaria
decumbens], green panic, paragrass, kikuyu [Pennisetum clandestinum], setaria
[Setaria sphacelata] and probably some species of millet grass; lucerne (alfalfa)
contains oxalic acid, see below); and

e age of animal (bioavailability may decline slightly with age, but the relationship
is not pronounced in horses).

Oxalic acid binds divalent cations, such as Ca, in an unavailable form. Many tropical
grasses are rich in oxalates and their feeding is associated with osteoporosis and
lameness in horses. In contrast, rumen microorganisms degrade oxalic acid so that
plasma Ca concentration is unaffected and renal function remains unimpaired in
sheep and goats (Duncan et al. 1997). Ca deficiency ailments are noticeable in horses
grazing pastures, or given hay, containing an abundance of these species of tropical
and subtropical grass (see also Chapter 10). The bioavailability of Ca may, neverthe-
less, differ among plant sources containing oxalates. Lucerne contains these com-
pounds, but its Ca has a high feeding value, and about three-quarters of the Ca is
absorbed, although the Ca content relative to that of oxalic acid is much higher than
that in the grasses listed above. Lucerne Ca is better utilized than that from timothy
hay, which is not a significant source of oxalic acid. Evidence in laboratory animals
shows that the feeding of Ca sources that have a low bioavailability compromises
both the quantity and quality of bone, whereas inadequate quantities of highly
available Ca reduce only the quantity of bone. Whether this is a contributory factor
to equine lamenesss is unknown.

In summary

The maintenance requirement for the major minerals Ca and P is that necessary to
balance losses in the faeces and urine, as well as unspecified ‘dermal losses’. There
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Table 3.3 Minimum daily requirements for Ca and P of growing horses (Schryver er al. 1974a; Grace
et al. 1998b; Michael et al. 2001; Moffett et al. 2001; Nolan et al. 2001; Petersen et al. 2001).

Age (months) BW (kg) Weight gain (kg/day) Ca (g/day) P (g/day)
3 100 1 55 31
6 200 0.8 55 29
12 300 0.6 50 28
18 375 0.3 50 28
Mature 450 0 46 27

is an additional need for growth and, in the breeding mare, for mineralization of the
foetal skeleton and for lactation. Each kilogram of lean body tissue in the horse
contains about 20g Ca and 10g P; the amounts required in the diet to allow for
maintenance and growth are shown in Table 3.3. Mare’s milk contains on average
about 900mg Ca and 350mg P/kg (Fig. 7.3, p. 254). A 500kg mare may produce a
total of 2000kg milk in a lactation extending over five to six months — a total
lactation deficit of 1.8kg Ca and 0.7kg P derived from skeletal reserves and feed.
For milk synthesis, dietary Ca and P daily requirements, with average availabilities
of 50% and 35%, respectively, are 10g Ca and 5.5g P to balance that secreted daily.
Limestone flour and dicalcium phosphate are reliable sources of Ca and the second
of P also. The requirement of 10g Ca is met by 28¢g limestone or 40g dicalcium
phosphate, which also meets the P needs entirely.

Magnesium (Mg)

Magnesium is a vitally important ion in the blood; it forms an essential element of
intercellular and intracellular fluids, it participates in muscular contraction and it is
also a cofactor in several enzyme systems. Bone ash contains 8g Mg/kg in addition
to 360g Ca/kg and 170 g P/kg. There is a small net absorption of Mg from the large
intestine, but the majority of net absorption occurs from the lower half of the small
intestine. The ‘obligatory loss’ of Mg secreted into the intestinal tract amounts to
about 1.8mg/kg BW daily; a further obligatory loss of about 2.8 mg/kg BW occurs in
the urine, and the maintenance requirement to offset these losses is about 13mg/kg
BW daily, or about 2 g/kg diet.

Homeostasis is achieved largely by a balance between gut absorption and renal
excretion. Adrenal, thyroid and parathyroid hormones influence status, although
plasma [Mg™] has a less potent effect on PTH than does [Ca*]. PTH causes an
increase in plasma Mg by increasing absorption from intestines and renal tubules
and resorption from bone (PTH also requires Mg ions for activation of adenylate
cyclase in bone and kidney). Aldosterone secretion (see Sodium, this chapter)
causes a lowering of plasma Mg and an increase in urinary Mg excretion. Typical
diets may not meet the horse’s Mg need without supplementation.
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Table 3.4 Daily requirements of Mg (g).

Mature weight (kg)

400 500
Adult
Rest 5.6 7.0
Medium 6.5 8.0
Last 90 days of gestation 6.5 8.0
Peak lactation 6.6 8.1
Growing: age (months)
3 42-55 4.8-6.8
6 4.0-52 4.4-6.3
12 42-53 4.5-6.5
18 4.5-5.6 5.0-7.0

A rarely observed frank dietary deficiency of Mg leads to hypomagnesaemia
associated with loss of appetite, nervousness, sweating, muscular tremors, rapid
breathing (hyperpnoea), convulsions, heart and skeletal muscle degeneration and,
in chronic cases, mineralization of the pulmonary artery caused by deposition of Ca
and P salts. Normal blood serum values are given in Table 3.1.

Mg of vegetable origin, naturally present in feed, is available in proportions
ranging from 45% to 60%, the more digestible sources being milk and possibly
lucerne. Absorption of Mg from high-temperature-dried lucerne is greater than it is
from timothy hay, according to evidence from Edinburgh (see also ‘Oxalates and
other dietary factors affecting Ca absorption’ this chapter). Sugar beet pulp and beet
molasses are also reasonably good sources of digestible Mg (both contain about 2.8 g
Mg/kg DM). Large amounts of dietary P seem to depress absorption of Mg slightly,
but not as effectively as do dietary oxalates. Bacterial phytase in the gut may assist
absorption. The inorganic sources of Mg — Mg oxide (calcined magnesite), sulphate
and carbonate — are all about 70% absorbed in the horse, although oxides from
different countries of origin have differing availabilities. Generally, therefore, Mg
carbonate is a more reliable source. An increase in the dietary level of Mg from 1.6
to 8.6 g/kg was shown to increase Ca absorption without an effect on P. Grace et al.
(1998b) measured the mineral composition of horses aged 150 days (approximately
190kg BW) and, assuming a growth rate of 1.00kg/day on pasture, estimated the
daily requirement of these horses for Mg to be 4.4 g/day. Table 3.4 gives the daily
requirements of Mg for horses weighing 400 and 500kg.

Potassium (K)

Potassium is subject primarily to precaecal absorption, where 52-74% is absorbed.
An intake of 46 mg K/kg BW/day during rest is adequate for a positive K balance in
adult horses. Foals require more, perhaps as much as 150-200mg/kg BW, thatis, 7g
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Table 3.5 Serum total concentrations (mmol/l) of electrolytes in TB
foals (Sato et al. 1978).

Days from birth Ca P Na K Cl Mg
0 264 151 131.6 468 103.6  0.88
10 262 148 1420 442 978 097
20 283 179 1386  4.08 98.4  0.90
50 234 211 1372 428 96.6  1.32%
90 250 174 1400 396 998 —
120 223 163 1364 412 1014 —

*Thirty days of age.

K/kg diet. Losses during sweating or diarrhoea increase the need considerably.
Young foals may become deficient in K as a result of persistent diarrhoea and this
in turn tends to precipitate acidosis. Spontaneous changes in plasma [K'] can there-
fore result from strenuous exercise; this will be discussed in Chapter 9. The normal
plasma K concentration is in the range 2.4-4.7mmol/l (or mEq/l) (Table 3.5).
Nevertheless, the plasma concentration increases during episodes of acidosis, as
intracellular, red cell K (normal concentration 83-100 mmol/l) (Muylle et al. 1984b)
exchanges for H"ions, when cardiac arrhythmias can occur. Red cell K concentra-
tions <81 mmol/l are accompanied by signs of skeletal muscle weakness (Frape
1984b). The means of assessing K status and the major causes of K depletion and
their therapy are discussed in Chapter 11.

Deficiency

A dietary deficiency of K may reduce appetite and depress growth rate; a reduction
in plasma K (hypokalaemia) occurs and in extreme deficiency there may be clinical
muscular dystrophy and stiffness of the joints. Hypokalaemia can occasionally result
from persistent diarrhoea, or from excessive sodium bicarbonate administration. In
depletion of ponies, the K losses in urine did not fall below 20mmol/l (Meyer et al.
1986) and the K content of sweat remained invariable at about 27mmol/l (cf.
sodium). Blood plasma K decreased from 3.5 to 2.3mmol/l, whereas red cell K
changed little. However, the K depletion of the skeleton was as much as 60%,
whereas losses in muscles, vital organs and GI contents were only 9%, 15% and 7%,
respectively. Food and water intake decreased, the ponies were more excitable and
exercise exhaustion occurred sooner.

Hyperkalaemic periodic paralysis

A syndrome of episodic weakness in horses, accompanied by elevated serum K
concentrations — hyperkalaemic periodic paralysis (HPP) — has been described in
horses (Naylor et al. 1993) and it is apparently confined to descendants of the
American Quarter Horse Impressive. The genetic cause has been identified and
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progress is being made to eliminate the disease (Meyer et al. 1999). HPP is not
caused by a dietary K deficiency. It is accompanied by myotonia, facial muscle
spasm and fasciculations and recumbency. Tracheotomy may be required if there is
severe dyspnoea. Most episodes resolve spontaneously in 15-120min, but may
require parenteral administration of Ca gluconate, Na bicarbonate, dextrose, insulin
and subsequently dietary management. This situation reflects the exchange of intra-
cellular K* with H" in acidosis mentioned in Potassium, above.

Sources

Cereals are relatively poor sources of K, but hay contains 15-25 g K/kg; thus, most
diets should contain ample if at least one-third is in the form of good-quality
roughage. Animals in heavy work generally consume more cereals, thus lowering
dietary K when losses in sweat would normally be increasing. Lush pastures can
contain large amounts of K in the dry matter and so theoretically may interfere with
Mg metabolism.

Sodium (Na)

Sodium (Na) is the principal determinant of the osmolarity of extracellular fluid and
consequently of the volume of that fluid. Chloride concentration in the extracellular
fluid is directly related to that of Na. Na is derived from ingested food and its
excretion via the kidney is controlled by the renin—angiotensin—aldosterone system.
Hyponatraemia can occur from reduced intake of Na and it causes aldosterone
secretion; however, Na deficits can also occur through excessive losses from the GI
or urinary tract relative to water loss. These may indicate intestinal obstruction,
enterocolitis or renal failure. Excessive sweating normally causes hypernatraemia.
In some other species, increased plasma levels of aldosterone result in increased
urinary Mg excretion, although what occurs in the horse is unclear.

Na is reabsorbed by the large intestine to the extent of 95%. In Na deficiency, the
reabsorption may reach 99% and renal Na losses are reduced, thus conserving the
tissue content, according to Meyer’s group in Hanover (Meyer et al. 1982b).
The resting horse, receiving a Na deficient diet, can conserve Na. The Na content of
the sweat of working horses is, however, decreased only slightly, being partly re-
placed by K. Such Na depleted horses exhibit a licking habit and a craving for large
amounts of sodium chloride, decreased cutaneous turgor, reduced feed intake and
ultimately cessation of eating, muscular and nervous dysfunction (muscular tremor,
gait and chewing incoordination). In advanced Na depletion, plasma Na and chlo-
ride concentrations fall to 120 and 70mmol/l, respectively, with an increase in
plasma K of up to 5.5mmol/l and a decrease in total body water, largely through
increased dry matter of the GI tract contents.

Although pasture grass may contain as much as 18 times more K than Na,
supplementary Na in the form of common salt for grazing stock is normally un-
necessary. Forages are a richer source of Na than are cereals and within normal



64 Equine Nutrition and Feeding

Table 3.6 Chloride recommendations (mg/kg BW/day) (Coenen

1999).
Endogenous losses (faecal + renal + cutaneous) 3+2+1
Cutaneous maintenance losses by perspiration 14
Maintenance, minimum 20
Maintenance, recommendation 80
Maintenance + exercise, 5, 20 or 50g sweat’kg BW 108, 190
or 355
Maintenance + pregnancy up to 90 days ante partum 80
‘ T4 > last 90 days of pregnancy 82
Maintenance + lactation, 3rd month 89-93
Maintenance + growth until 6th month 93
Maintenance + growth, sixth to twelfth months 85

ranges the one element tends to inhibit the loss of the other in the urine, by the
action of aldosterone on the kidney tubules, conserving the body’s resources of Na
in the grazing stock. Diets providing 2-4 g Na/kg should adequately meet the re-
quirement for Na, except during periods of excessive sweating in very hot weather,
or as a result of diarrhoea. Diets containing 5-10g common salt/kg will amply meet
the normal Na requirement.

Chloride (Cl)

Where the requirements for common salt (NaCl) are met, it is unlikely that a
deficiency of chloride will occur. The major source of loss, particularly in hot
weather, is sweat where even at moderate rates of work horses may lose 60 g Cl/day.
Cl is critical for water metabolism, muscle working capacity, kidney function and
gastric acid secretion and Coenen (1999) provides details of the requirements
(Table 3.6).

TRACE ELEMENTS

Most stabled horses in the UK now receive supplements containing variable
quantities of trace elements, and the horse seems able to cope with some measure of
abnormal intake without showing clinical signs of toxicity or deficiency. Those trace
elements of prime importance in the diet of horses are discussed here. Cobalt (Co)
is considered in Chapter 4 under vitamin B,,. The variety of geological strata
underlying UK soils yields grazing areas that cause clinically recognizable signs of
specific deficiencies in cattle and sheep. There is biochemical evidence to show that
horses and ponies in these areas may similarly reflect their nutritional environment.
Tables 3.7 and 3.8 give average serum values for some trace elements. Abnorma-
lities in leg growth and development of foals and yearlings have been reported to be
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Table 3.7 Values for four trace elements (imol/l) in normal serum
or plasma and milk of mares (Smith er al. 1975; Blackmore & Brobst
1981; Cape & Hintz 1982; Schryver et al. 1986; Lawrence et al. 1987b;
Bridges and Harris 1988; Saastamoinen ez al. 1990) (also see Chapter
12 for Cu determinations).

Blood Milk

Serum or  Partum  1-8 9-120

plasma days  days
Cu
TB, USA mainly stabled 24-35 16 10-12 4-6
TB 8-18 3!
TB, 7, 14, 28 days of age 6, 14,25
Quarter Horse 5-31
Horse/pony, gestation” 16.3
Horse/pony, lactation’ 14.7 3.8
Horse/pony, yearlings 15.3-26.1
Horse/pony, 2-3 years old ~ 21.3
Fe
TB 2817
Quarter Horse 28
Arabian 23 24 17 12
Standardbred 30+7
Shetland 19
Zn
TB, USA, stabled — 46 60
TB, UK, pastured 177 98 52 36
TB, UK, stabled 26+ 8
TB, 7, 14, 28 days of age 17,12, 12
Horse/pony, gestation 5.8
Horse/pony, lactation’ 7.6 31.3
Horse/pony, yearlings 10.7,12.5
Horse/pony, 2-3 years old 10.1
Pb

TB and Standardbred:
suckling to adult (mean)  0.8-1.9
mixed breeding 7-8

"Unpublished data of author.
?(Saastamoinen et al. 1990). Finnhorse breed.

associated with dietary deficiencies of copper (Cu), manganese (Mn) and selenium
(Se), and toxicities of iodine (I) and lead (Pb).

The extent to which pasture plants extract trace metals from soil depends on the
soil’s pH and moisture content and the plant species. Effects may also be attri-
butable to the root systems of plants as legumes and many herbs have deeper roots
than grasses do. The levels of trace elements in herbage are clearly of importance,
but the horse will also consume soil while grazing. Soil intake will depend on the
density of the herbage. In certain conditions cattle and sheep may consume more
than 10% of their daily intake of dry matter as soil.
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Table 3.8 Normal blood characteristics of horses.' Ranges indicate approximately 1 SD from mean.

Sample Characteristic Units Yearlings Horsesin  Mares Foals
per litre training
Plasma Albumin g 27-28 34 27 25
Serum AST iu 140 150-400 140 70-120
Serum CK iu 43 50-70 43 53-57
Serum SAP iu 100-120 85-95 70-80 150-400
Serum ALT iu 1-6.7 1-6.7 1-6.7 NA
Serum GGT iu 18-30 20-30 18-19 13-16
Red cell GSH-Px u/ml’ 15-25 15-25 — —
Serum LDH iu 45-100 45-100 — —
Serum SDH iu 0.8-1.2 0.8-1.2 — —
Serum Bilirubin, total® wmol 34 34-39 26 38-55
Serum Fasting glucose mmol 3.5-5 3.5-5 3.5-5 3.1-4.2
Serum T, nmol 5-39 5-35 3-56 10-150
Serum T, nmol 1.5-2 1-2 0.9-14 2-7
Serum Creatinine mmol 140 170-185 140 150-190
Serum Cu umol — stable 15.2° 12.4 15* 6 to 20°
Serum Cu umol — grass — 15.9 16-26 20°
Serum I umol — — 0.6 0.8-0.85
Serum Zn umol — stable — 26 9-12 13
Serum Zn umol — grass — 17 9-12 —
Serum Mo umol — 0.31 — —
Serum Se umol 0.8-1.3 1.5 0.8-1.2 0.6-1.1
Whole blood  Se wmol — 1.6°-3.0 0.8-1.1 0.5-0.7
Plasma o-Tocopherol mg 1-3 1.5-4.4 1.8-2.6 1.1-24
Plasma o-Tocopherol umol 2.3-6.8 3.4-10 41-59 2.5-55
Plasma Retinol ug 180 180 150-300 150
Serum 25-Hydroxy vitamin D ug — — 2.9-3.6 22-25
Whole blood  Cyanocobalamin ug —stable  3.7-6.6 1.2-6.6 3.7-6.6 3.7-6.6
Whole blood  Cyanocobalamin ug — grass 2.8-20 2.8-20 2.8-20 2.8-20
Serum Folate ug —stable  4.5-12 4.5-12 4.5-12 4.5-12
Serum Folate g — grass 5.3-13.5 5.3-135 53-13.5  53-135
Whole blood  Thiamin ug 28 30 33 24
Plasma Ascorbic acid mg — 2.5-4.5 — —

! Data are drawn mainly from TBs. See Table 3.1 for serum Ca, P, Mg, Na, K and Cl values.

? Mainly unconjugated.

* Ponies.

* Whole blood.

S Rising from 1 week of age to plateau at 4 weeks.

® Minimum adequate.

" One enzyme unit of GSH-Px activity = 1 umol NADPH oxidized/min.

8 Plasma.

Abbreviations: ALT, alanine amino-transferase; AST, aspartate amino-transferase; CK, creatine lactate;
GGT, y-glutamyl-transferase; GSH-Px, glutathione peroxidase; iu, international unit; LDH, lactate
dehydrogenase; SAP, serum alkaline phosphatase; SDH, sorbitol dehydrogenase; Tj, triiodothyronine;
T,, thyroxine.

Mixed supplements

Ott & Asquith (1995) measured the response of growing TB and Quarter Horses
from 340 to 452 days of age to trace mineral supplements, when given concentrates
to appetite and coastal Bermuda grass (Cynodon dactylon) hay at the rate of
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1kg/100kg BW daily. The unsupplemented total diet contained 195mg Fe, 36 mg
Mn, 41 mg Zn and 4.8 mg Cu, each per kg DM. The supplements had no influence on
growth and development, but mineral deposition in the third metacarpal was
increased by the trace mineral mix, although not by Cu or by Cu plus Zn, excluding
the other elements. The results suggested that the other trace minerals (Fe, Mn, Co
or I) were more critical. However, previous work by the same group (Ott & Asquith
1989) indicated that bone mineral deposition in yearlings was increased when a
trace mineral mix containing Fe, Mn, Zn and Cu was added to a natural diet
containing lower concentrations of these elements than those recommended by the
National Research Council (NRC) (1978).

Mineral content of horse hair

The mineral content of animal hair varies not only with mineral intake, but also with
season, breed, age, hair colour and body condition. Nickel (Ni) intake is apparently
correlated with Ni in hair, but other heavy metals, at least at subtoxic intakes, are
not (toxic intakes of Pb cause elevated hair Pb). There is little simple relationship
between minerals of nutritional importance and their concentration in horse hair.

Copper (Cu) and molybdenum (Mo)

Hypocupraemia occurs widely in grazing cattle, attributed frequently to an excess of
molybdenum derived from the underlying Mo-rich strata, particularly Lias clays and
marine black shales of Jurassic and Carboniferous ages. The high levels of Mo
associated with relatively low copper lead to Cu:Mo ratios in the herbage narrower
than 6:1, causing Cu deficiency on the so-called teart pastures in these areas.
Hypocupraemia can also occur, owing to low Cu levels per se in the soils and
herbage.

The horse is not as susceptible to clinical signs of Cu deficiency as are ruminants,
but signs have been described, such as erosion of the articular cartilage of joints, and
anaemia and haemorrhage in parturient mares. Moreover, Mo and sulphate do not
have the same impact on Cu status in horses as they have in cattle. Thiomolybdates,
which bind Cu (CuMoS, is very insoluble), have not been detected in horses with
dietary Mo concentrations of 10mg/kg. Their formation may depend on the pres-
ence of a rumen and its microbial activity, that is, an extensive microbial activity in
aregion of the GI tract proximal to absorption sites for Cu. Thus, Rieker et al. (1999,
2000) have shown that a concentrate containing 5-20mgMo/kg given to geldings
with grass hay (50:50) had no adverse effect on the absorption and retention of Cu.

Measurement of Cu status and dietary requirements

Excessive intakes of Cu are hazardous to sheep and, to a lesser extent, to cattle.
Ruminants differ from nonruminants in the propensity of the former to store Cu in
their livers at low dietary Cu intakes. On the other hand, very high dietary Cu levels
(>4mmol/kg DM) are required to increase liver Cu of ponies substantially (referred
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to by Suttle et al. 1996). (Note: any increase above the minimum dietary require-
ment seems to lead only to some additional liver Cu storage.) For this reason horses
are less subject to intoxication by dietary Cu. There is a curvilinear relationship in
ruminants between liver Cu and plasma Cu concentrations. In ruminant plasma, or
serum, Cu values plateau and, excepting toxic crises, they rarely exceed 16 umol/l,
even with the liver at >800 umol/kg fresh weight. In 44 horses, Suttle et al. (1996)
found a linear relationship:

Y =7.00811 + 0.086019X (R?, 0.168)

where Y is umol Cu/l serum, X is umol Cu/kg fresh liver (values were restricted to
liver Cu <190 and serum Cu <29) and R? is the proportion of the variation, or sum
of squares, attributable to the model (in this case a value of 0.168, i.e. 16.8%, of the
variation is accounted for by the relationship that the equation describes). In 48
horses, Suttle et al. (1996) found mean Cu concentrations of:

* 16.7umol/l serum, with 13.5 and 19.5umol/l as lower and upper quartile values;

e 113.7umol/kg fresh liver;

e 172.5umol/kg feed (11 mg/kg) with 61.1 and 233.8 umol/kg as lower and upper
quartile values.

The animal has a need to maintain a normal cellular Cu concentration, mea-
surable as hepatic concentration. In the horse, Suttle et al. (1996) concluded
that adequate equine liver levels would be achieved by a dietary concentration of
20mg/kg DM and that these liver and dietary concentrations correspond to 16 umol/
|1 serum. These authors propose 16umol/l as a threshold value to distinguish the
normal from subnormal serum values and a serum level of 11.5umol/l to distinguish
deficient from marginal liver Cu concentrations of 52.5 umol/kg fresh weight. Unfor-
tunately, as Suttle et al. point out, high serum Cu values occur following inflamma-
tion, infection or vaccination and liver samples are then preferable, but not readily
available. (Plasma Cu may be unreliable as a guide to Cu status, as about 70% of the
circulating Cu in the horse is present in the form of caeruloplasmin [EC 1.16.3.1], an
acute phase protein.) Therefore an alternative cellular source may be preferred as a
means of assessing Cu status.

Cu deficiency decreases the activity of Cu—Zn superoxide dismutase (EC 1.15.1.1)
of leucocytes and platelets. The measurement of this activity is not easy. The
author’s colleagues (Williams et al. 1995) have routinely used mononucleated
leukocyte and platelet Cu contents and platelet cytochrome ¢ oxidase (EC 1.9.3.1)
activities as guides to status. Mononuclear cell Cu shows good promise (Table
3.9). The Cu contents will be present mainly as enzyme cofactor Cu (see Chapter
12).

Cu is transferred to the foetal liver, which, like the neonatal liver, contains more
Cu than that of older foals, or of their dams. The low serum Cu concentration of
neonatal foals does not rise to normal adult levels until about 28 days of age
(Kavazis et al. 2001). Experiments in New Zealand have shown that when the
dietary Cu of the grazing pregnant mare is increased from approximately 6-30mg
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Table 3.9 Range in leukocyte Cu and Zn contents in seven Shetland
ponies receiving poor hay only, before and after supplementation with
Cu and Zn for 50 days (author’s unpublished data).

Cu (ug 107) in Zn (ug 107) in
leukocyte cells leukocyte cells
Before
supplementation 0.11-0.18 2.57-6.25
After
supplementation 0.40-2.86 2.57-10.57

Cu/kg DM throughout the last four to five months of gestation, then the Cu content
of the foal’s liver at birth can be increased by two-thirds. Pearce et al. (1998a)
studied grazing mares and their foals, during the second half of gestation, raised on
a pasture that contained 4.4-8.6 mg Cu/kg DM. Half the mares were supplemented
with 0.5mg Cu/kg BW daily. The foals from control and supplemented mares were
either retained as controls or supplemented at 0.2 mg/kg rising to 0.5 mg/kg BW at 49
days of age. Plasma Cu and caeruloplasmin concentrations in the foals were unaf-
fected, whereas liver Cu concentration increased, with supplementation. Mare sup-
plementation alone (Pearce et al. 1998b) decreased radiographic indices of physitis
in the distal third metatarsal bone and the prevalence of articular cartilage lesions at
150 days of age, without evidence of effect on clinical developmental orthopaedic
disease (DOD).

Mare’s milk may provide less Cu than the suckling foal requires daily (Cu content
of milk is about 3umol/l (0.19mg/l), whereas pasture grass and grass hay may
contain 4-9 and 10-12mg Cu/kg DM respectively. Therefore, with the object of
increasing the Cu and Zn contents of the milk, and decreasing the risk of osteochon-
dritis dissecans (OCD), Baucus et al. (1987) doubled the Cu and Zn contents of the
mare’s diet to 53 mg Zn/kg and 12 mg Cu/kg at parturition. Nevertheless, the Cu and
Zn contents of the milk were unaffected.

The suckling foal requires a source of Cu to tide it over the period during which
it eats little grass and dry food. These needs are normally met when the foetal liver
stores about 300 g Cu/g liver DM, or more. The stores should range between 300
and 600ug/g when the pregnant mare has received adequate Cu in her diet.
Although Hoyt et al. (1995b) found that miniature horses absorbed 42.2-50.7% of
the total Cu from diets containing 12mg/kg, Ott & Asquith (1994) reported that
serum Cu and Zn concentrations in foals were increased only when their mothers
received chelated trace minerals, rather than inorganic sources, during pregnancy.

The obligatory losses of Cu in the faeces of ponies amount to about 3.5mg/100kg
BW daily in the presence of low levels of dietary Mo (Cymbaluk et al. 1981a,b).
However, in order to allow for adverse interactions with other trace elements
and to maximize iron (Fe) retention, a dietary intake of 15-20mg/kg dry feed is
recommended for growing horses. Foals need 25-30mg/kg feed to reduce, but not
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eliminate, risk of cartilage erosion. Grace et al. (1998b) measured the mineral
composition of horses aged 150 days (approximately 190kg BW) and, assuming a
growth rate of 1.0kg/day on pasture, estimated the daily requirement for Cu to be
26 mg/day.

Cu and cartilage formation

(See also ‘Growth of foals’, Chapter 8). The bones and cartilage of Cu-deficient
animals show increased defects and fragility, and contain an enhanced proportion of
soluble collagen. This solubility is caused by a reduction in the cross-linking within
the molecules of collagen and elastin that require Cu as the cofactor of lysyl oxidase
(EC 2.3.2.3). Osteoblast function is inhibited by Cu deficiency, whereas osteoclast
function is unaffected. Excess dietary Cu can interfere with bone metabolism
causing inhibition of collagen synthesis and a loss of bone density. Amongst 629
Hanoverian warmblood foals in Germany, 222 presented with osteochondrotic
lesions not correlated with growth rate or with protein, Ca, P, Cu, Zn or Se intakes
(Coenen et al. 2003a; Vervuert et al. 2003a), although the dietary levels of these
nutrients did not meet recommendations (GEH 1994). Preliminary evidence of
Firth (1998) indicated that Cu supplementation of the foal may reduce bone mineral
density of the radius, third metacarpal and third carpal. Moreover, neither organic
nor inorganic supplements of Cu and Zn influenced blood carboxy-terminal
propeptide of type I procollagen, or bone density, in exercised yearling geldings
given a basal diet meeting NRC (1989) recommendations (Baker et al. 2003).

On the other hand, in vitro studies indicated that, in a dose-dependent manner,
copper reversed proteoglycan depletion of cartilage culture in the presence of
synovial fluid, so that Cu had a chondroprotective effect (Davies 1998). Davies
hypothesised that Cu exerts an anti-inflammatory action.

Van Weeren et al. (2003) found no relationship between foal, or mare, liver
copper concentration and osteochondrosis status at 5 or 11 months. However, as the
foals increased in age from birth, the expected decrease in number and severity of
osteochondrotic lesions was less where Cu status was low at birth than it was for
foals with a high Cu status at birth. So there may be an effect of high Cu status on
the natural process of repair of early lesions, indicating the preeminence of the Cu
status of the pregnant mare.

An excess of dietary Cu of up to 791 mg/kg diet in ponies for six months (Smith
et al. 1975) led to liver Cu concentrations of over 4000mg/kg DM, apparently
causing no liver damage and no adverse effect on fertility or other characteristic.

Zinc (Zn)

A deficiency of dietary zinc in many domesticated animals, including the horse,
depresses appetite and growth rate in the young, causes skin lesions and is associ-
ated with a depression of Zn concentrations in the blood. A deficiency of Zn in the
rat and several other species causes abnormal development of ribs and vertebrae,
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cleft palate, micrognathia (undersized mandible) and agenesis (absence) of long
bones, but there is little direct evidence of this in the horse. Excess Zn may exacer-
bate bony lesions induced by low Cu diets.

Siciliano et al. (2003b) observed positive total immunoglobulin and IgM humoral
immune responses in weanling horses from a supplement of Cu, Zn and Mn. Zinc
has a potent immunomodulatory capacity, particularly influencing T-helper-cell
organization and cytokine secretion. Culicoides hypersensitivity in horses, causing a
pruritic skin disease, resembles early and late phase of type I hypersensitivity
reactions in man. Stark et al. (2001) determined that the severity of Culicoides
hypersensitivity in Icelandic horses expressed a low, but significant, negative corre-
lation with plasma zinc concentration. However, their more recent observations
indicate that Culicoides bites are a cause of Zn redistribution between plasma and
blood cells, and as plasma holds only 10-23% of total blood Zn, plasma Zn level is
not a reliable indicator of nutritional status. Thus, the depression in plasma zinc is
quite likely to be a reaction to the bite of this fly.

Zn supplements are claimed to benefit hoof wall development, although Siciliano
et al. (2001) could not influence the trace mineral content of hoof wall, or wall
growth rate, hardness and tensile strength, with supplements of Cu, Zn or Mn, given
to light mares as inorganic salts, or as amino acid chelates. More recently Siciliano
et al. (2003a) increased hoof wall hardness, but not other characteristics of the wall,
with similar supplements of Cu, Zn and Mn.

Zn as enzyme cofactor

Zn is a cofactor for over 200 enzymes in animals, either as part of the molecule or
as an activating cofactor. The enzymes include alkaline phosphatase (EC 3.1.3.1),
collagenase (EC 3.4.24.3) and carbonic anhydrase (EC 4.2.1.1), all required in bone
formation. Alkaline phosphatase also requires Mg, and excess dietary Zn may
inhibit the enzyme if Mg is displaced. A deficiency of Zn thus has fairly widespread
physiological effects, but quite high dietary levels are required for toxicity.

An increase in dietary Zn from 26 to 100 mg/kg progressively increases serum Zn
concentrations. The dietary requirement of the horse is approximately 50 mg/kg
dietary DM. Grace et al. (1998b) measured the mineral composition of horses aged
150 days (approximately 190kg BW) and, assuming a growth rate of 1.0kg/day on
pasture, they estimated the daily requirement for Zn to be 152mg. Hudson et al.
(2001) measured the true digestibility and requirements for Cu, Zn and Mn from a
mixture of organic and inorganic sources in sedentary and exercised horses. They
found a Zn requirement of 461 mg/day in exercised horses, cf. sedentary horses of
274mg/day (Table 3.10). Supplements normally used include zinc carbonate or
sulphate. These inorganic salts possess a higher availability than do phytate salts of
zinc in cereal grains and oilseed meals. The efficiency of Zn absorption in all forms
is probably affected more by diets rich in phytate than is the absorption of other
trace elements, but, even so, high phytate concentrations are unlikely to depress the
utilization of Zn by more than 30-40%.
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Table 3.10 The true digestibility, endogenous loss and estimated
daily requirements for copper, zinc and manganese in sedentary
(SED) and exercised (EX) TB geldings of 11 years of age and 534kg
BW (Hudson et al. 2001).

Cu Zn Mn
Digestibility % SED 41.8 254 57.9
EX 54.5 14.3 40.2
Endogenous loss, mg/day SED 15.7 65.2 304.8
EX 20.3 69.6 163.6
Requirements, mg/day SED 442 274.4 528.6
EX 35.0 461.3 408.3

Zn is one of the less toxic of the essential trace metals, yet where there is
industrial pollution of pastures, grazing animals may show signs of toxicity. Toxic
dietary concentrations probably exceed 1000mg/kg. Zinc intoxication is associated
with reduced Ca absorption. A dietary level of 5.4 gZn/kg causes anaemia, epiphy-
seal swelling, stiffness and lameness, including breaks in the skin around the hooves
(Willoughby et al. 1972a,b).

In comparisons of the efficacy of organic and inorganic sources of Cu and Zn, two
out of three studies indicated more effective use of organic sources in young horses
(Miller et al. 2003; Siciliano et al. 2003b), but the third in adult horses indicated low
absorption efficiencies of both sources (Wagner et al. 2003).

Cu and Zn interactions

In man and most other domestic animals that have been investigated there is an
antagonism between Zn and Cu. Excessive intakes of Zn, especially where dietary
phytate and Ca are not abundant, can cause Cu deficiency if the dietary Cu level is
marginal. Investigations in horses have not demonstrated similar effects. Hoyt et al.
(1995b) found that dietary Zn concentrations of 73-580mg/kg, provided as zinc
oxide, had no influence on either Cu absorption or retention by horses from diets
containing 12mg Cu/kg. However, as little as 100mg Zn/kg diet for horses has been
shown to increase the faecal loss of Cu and to lower blood Cu by about 10%. This
change in blood concentration may not itself reflect any change in Cu absorption
efficiency. Nevertheless, as Cu adequacy seems to be critical for proper bone devel-
opment we should assume that dietary Zn at concentrations above 100mg/kg are to
be avoided.

Amino acid chelation of trace elements avoids any interruption to Zn absorption
by other metals and the competition for absorption is then between the amino acids.
Experiments have shown that chelated mixtures of Mn, Zn and Cu, cf. inorganic
mixtures, have increased the growth rate of hoof horn in yearlings given a pelleted
concentrate containing 120g protein/kg at the rate of 1kg/100kg BW with hay.
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Experiments with chelated Zn and Cu given to pregnant mares have led to an
increase in plasma concentrations of Zn and Cu in their foals. It may be concluded
that the trace element allowances for the pregnant mare are more important than
those given during lactation for the welfare of the foal.

Manganese (Mn)

Manganese is required as a cofactor for glycosyltransferases, which catalyse the
transfer of a sugar from a nucleotide-diphosphate to an acceptor, and so Mn is
essential in several stages of glycosaminoglycan—chondroitin sulphate formation.
Thus, epiphyseal cartilage and bone matrix formation are compromised by a
deficiency of Mn. Mn is also required as a cofactor in Mn-containing superoxide
dismutase.

A deficiency of Mn is thought to be a cause of enlarged hocks, and, by affecting
the growth plate, to shorten legs with characteristic knuckling-over of joints. In the
USA, excessively high concentrations of Ca in some samples of alfalfa have been
said to precipitate a flexural deformity of the legs of growing horses that was
rectified by Mn supplements. The young also seem to suffer lameness and incoordi-
nation of movement if they lack sufficient Mn, and Mn deficiency is a possible
explanation of tiptoeing in situations where suckled foals are on pasture containing
<20mg/kg DM. A severe deficiency can give rise to resorption in utero, or death at
birth, and lesser deficiencies may provoke irregular oestrous cycles. Lawrence et al.
(1987b) reported normal plasma Mn values in yearling ponies of 100-180pmol/l
serum.

The true digestibility of dietary Mn is approximately 50% (Hudson et al. 2001;
Table 3.10). It was shown by Sobota et al. (2001) that a total dietary Mn concentra-
tion of 36 mg/kg (using a concentrate containing 23 or 131 mg/kg and coastal Ber-
muda grass hay of 55mg/kg) is inadequate in yearling TB and Quarter Horses for
maximum weight gain, long bone growth and biochemical indices of bone forma-
tion. The evidence of Hudson et al. (2001) indicates a requirement of approximately
50mg/kg DM in adult horses.

Iron (Fe)

Most natural feeds, apart from milk, are fairly rich sources of iron, even when the
availability may be questionable, and deficiences are unlikely unless the horse is
anaemic through heavy parasitization. The foal is born with an adequate store of
liver Fe and the foal’s grazing activity is normally an adequate supplement to the
mare’s milk, which contains meagre amounts of most trace elements, with the
possible exception of selenium (Se) in mares supplemented with this element.
The levels of Fe in Arabian mare’s milk are shown in Table 3.7.

A deficiency of Fe causes anaemia, but evidence of dietary Fe deficiency anaemia
in horses is rare. A dietary concentration of 50mg/kg DM should be adequate for
growing foals. Only 40mg/kg is said to meet the maintenance requirements of
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adults. The basal diet used by Lawrence et al. (1987b) contained 436 mg Fe/kg
(typical of many natural ingredient diets) and was composed of coastal Bermuda
hay, maize, soya, alfalfa and minerals, including a supplement providing 40mg Fe/kg
basal diet. The addition to it of 500 or 1000 mg Fe/kg, as citrate, brought no benefit.

True dietary Fe deficiency may be confused with pseudo-Fe deficiency. Anaemia
is not synonymous with Fe deficiency. Haemoglobin (Hb), which contains 67% of
Fe stores in the horse, is synthesized preferentially to that of nonhaemoglobin
Fe-containing proteins in Fe-depleted animals. On the other hand, blood packed
cell volume (PCV) and Hb may be decreased by parasitism. Loss of red cells also
occurs during TB exercise when some haemolysis of these cells occurs, and 0.6% of
dietary Fe can be found in sweat (Inoue et al. 2003). In this situation the apparent
absorption efficiency of Fe is increased, preventing Fe deficiency.

Fe status is assessed most reliably by serum ferritin concentration. Total serum Fe
is an unreliable measure of status and may decline during microbial invasion, tissue
injury, immunological reactions and in any inflammatory process causing an acute
phase response, initiated by interleukin-1. Normal ferritin values fall between 100
and 200 g/l serum. Deficiency may be assumed when values fall below 50 pg/l, and
Fe overload may exist when values exceed 400-450 pg/1.

Adbverse effects of Fe supplements

Fe-containing haematinics are widely used in the horse industry. Dietary Fe
supplements and injectable Fe are used in the mistaken belief that PCV and Hb
concentration can be regularly increased. The risk of Fe toxicity is a real one
and antagonistic interactions with other trace elements may occur. Large, but
natural, intakes of Fe in cattle can cause Cu deficiency. An induced Cu deficiency
of this kind seems to be less likely in horses, although reductions of splenic
Cu and Mn, associated with intakes of 1400 mg Fe/kg diet, were observed by
Lawrence et al. (1987b). These workers also observed depressed serum and liver
Zn with dietary Fe intakes of only 890 mg/kg. Interactions of this kind may
arise from competition for binding by intestinal transferrin and/or other transport
mechanisms.

Most Fe is stored in the liver and spleen, with no mechanism for disposal of
excess, and hence excess can cause hepatitis and other forms of liver damage. The
toxic level depends on several factors, including concurrent disease processes,
previous liver damage and vitamin E and Se status. Fe is involved in oxidation—
reduction reactions. When glutathione peroxidase activity is depressed and
vitamin E status is reduced and there is an Fe overload, catalase activity increases,
with consequent liver damage, coagulopathy and raised mortality. Fe overload in
the spleen may be the cause of the lymphopenia frequently observed in neonatal
cases.

Neonatal foals are particularly susceptible to iatrogenic Fe toxicity. Ferrous-Fe
(divalent) is more soluble than ferric-Fe (trivalent) and therefore ferrous sulphate
or fumarate is generally used in supplements and they are more likely to be a cause
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of toxicity. Ingestion of a single large dose of ferrous fumarate, shortly after birth,
can cause death within five days. Daily administration of as little as 300 mg Fe in the
ferrous form has been associated with signs of Fe toxicity in adult TBs. In extended
Fe intoxication there is frequently:

¢ hepatic dysfunction, expressed as lethargy;

¢ yellow discolouration and petechial haemorrhages of mucous membranes; and

e thrombocytopenia and elevated activities of both serum GGT (EC 2.3.2.2) and
alkaline phosphatase (ALP).

These enzyme changes are indicative of cholestatic hepatopathy, with periportal
bile ductule proliferation, as one origin of these enzymes is biliary epithelia.

Fluorine (F)

Fluorine readily substitutes for the hydroxyl ion in bone and teeth hydroxyapatite,
creating a more stable crystal of Ca, P and Mg. It does not diffuse into formed bone,
but becomes incorporated during bone formation. F increases osteoblast number by
increasing osteoprogenitor cell proliferation. Risks of dietary excess (fluorosis) in
grazing horses probably exceed risks of deficiency, as F has a narrow therapeutic
index. Excess contamination of pastures, especially from brickworks, causes a sof-
tening, thickening and weakening of bones, through defects in mineralization, which
are probably not prevented by Ca and vitamin D. A decrease in industrial effluent
in many countries has ensured that very few cases occur today. The horse seems to
excrete more F in its faeces than do cattle, but dietary concentrations should not
exceed S0mg/kg. A world shortage of sources of digestible P has led to an increase
in the use of rock phosphates; as some of these are rich in F a careful scrutiny of their
composition is essential before purchase and use.

Iodine (I)

Iodine is a relatively rare element in the earth’s crust and it does not seem to be
required by mono- and dicotyledonous plants, in which the concentration is low. In
man and animals both I deficiency and toxicosis generally result in hypothyroidism
(toxicosis may cause hyperthyroidism in some individuals). Goitre may then occur,
with hyperplasia and hypertrophy of the thyroid gland, induced by the elevated
secretion of thyroid-stimulating hormone (TSH) originating in the anterior pituitary
in the absence of feedback inhibition. This is not necessarily the outcome of I
toxicosis in the pregnant mare (see below).

Insofar as the foetus is concerned, the mare is at risk throughout gestation, and
maybe even shortly before fertilization, in respect of both I deficiency and toxicity.
When receiving insufficient dietary I mares may show no external signs, but may
exhibit abnormal oestrous cycles and then produce hypothyroid foals. Serum
triitodothyronine (T5) and thyroxine (T,) concentrations in the mare are low, gener-
ally below 1.3 and 19nmol/l (0.7 and 15ug/l), respectively (Table 3.11). The I
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Table 3.11 Normal ranges for plasma T; and T, concentrations in
TBs (nmol/l).

T, T,
Pregnant mares 0.6-2 3-56
Foals* 2-10 10-150
Adults in training 0.3-2 5-28

*T, levels increase to a maximum at 48h of age and then decline.

concentration of deficient mare’s milk is below 20 ug/l. A deficiency with the above
signs is shown when mares graze inland pasture areas that are frequently deficient
in L.

Deficiency signs in foals

Deficiency signs in foals are enlarged thyroid glands, weakness, persistent hypother-
mia, respiratory distress and high neonatal mortality. There is an increased
susceptibility to infectious disease and respiratory infections are frequent. T,levels
in foal serum will be low, whereas T; concentration may be normal. Plasma T, and
T, levels are generally not too helpful in diagnosis and their correlation is poor.
Nevertheless, T, concentration is depressed in hypothyroidism. Of greater value is
inspection of feed and determination of I concentrations in feed samples and in
plasma.

Toxicity signs in mares and foals

In mares given 300-400mg I daily in the feed, infertility and abortions occur. Some
mares develop hyperthyroidism, expressed as elevations in the plasma concentra-
tion of both T;and T, and suppressed plasma TSH, or they may develop hypothy-
roidism, expressed as normal T, and depressed T,, although clinically they may
appear euthyroid. At birth the foal is hypothyroid, frequently with colloid goitre,
variably sized thyroid follicles, containing a single layer of low cuboidal cells and
there are low concentrations of circulating T; and T,. Interestingly, the tracheal
mucosa reveals squamous metaplasia, reminiscent of vitamin A deficiency.

In man, excess circulating iodide induces what is called the Wolff-Chaikoff block
which inhibits I uptake, preventing the synthesis of T, from I. In many species this is
a temporary phenomenon, but in the horse the block may depend on the precise
level of I intake, although in the author’s experience it may be only temporary. In
the neonatal foal I toxicity blocks the release of T;and T, from the follicle, appar-
ently by interfering with colloid proteolysis in the acini. Some pathologists give
weight to the T;: T, ratio, although in the author’s experience the two hormones are
poorly correlated in the healthy horse. Algae, such as red wrack seaweed, generally
contain high concentrations of I and the feeding of dried kelp, a seaweed, to
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pregnant mares is frequently a cause of iodism in foals, with similar clinical signs to
those of an I deficiency. There have also been cases where foals given excessive
thyroprotein supplements develop focal depigmentation.

If the daily I intake of a pregnant 550kg mare is between about 40 and 400mg I,
goitre may appear in her offspring. At the upper end of the range the mare may
have goitre. Intakes by the mare of 30-50mg I daily may cause only enlargement of
the thyroid in her offspring, but the foal may be euthyroid and present no other
abnormality, yet hirsute foals are seen. If the daily intake exceeds about 100 mg I for
any length of time during pregnancy, the newborn foal is likely to show additional
signs of hypothyroidism, expressed as weakness, lethargy, high neonatal mortality,
poor muscular development and, most patently, osseous dysplasia of long bones.
The author’s observations indicate that these include angular deformity, tendon
contraction and hyperextension of the lower limbs with poor ossification of the
carpal and tarsal bones. This extension causes the foal to walk on its heels with its
toes raised from the ground. Abnormal growth of the bones occurs both at the
epiphysis and in the shank of long bones. These bones are thin and small with
cortical thickening. This thickening appears to result from a greater reduction in
osteoclasia than from osteogenesis. Observations of protruding jaws (mandibular
prognathism) and parrot mouth (brachygnathia) have also been recorded (Plate
3.1).

The reason for these consequences is that I is concentrated in the placenta which
delivers excessive amounts to the foetus, causing congenital malformations and
concentrations of I in foetal blood two to three times that of the dam’s blood (yet T
and T, may be depressed). I is also concentrated in the mammary gland and is
secreted in the milk. If the excessive I source given to pregnant mares is excluded
from the latter’s diet well before parturition the euthyroid state may be reimposed
and normal foals may result. Involution of the thyroid, congenitally enlarged in
young foals owing to I excess, can be brought about by removal of the I source(s).
This includes removal of the mare’s milk. Normal development may occur, as long
as bony abnormalities have not already developed. The foal may be slightly under-
sized, as hypothyroidism is associated with decreased synthesis and release of
growth hormone.

Goitrogens

Iis required by animals for the synthesis of the hormones T, and the more potent Tj.
1 is absorbed from the gut principally as iodides. Some feeds (raw soya beans, white
clover and cabbage) contain goitrogens (see Chapter 5) which can inhibit the uptake
of free I by the colloid proteins of the thyroid, preventing its incorporation
into tyrosine. Thioglucosides, thiocyanates and perchlorates may be goitrogenic.
The effects of these substances can be overcome by increasing the I intake. How-
ever, the goitrogenic effects of thiouracil-, thiourea- and methimazole-containing
drugs cannot be overcome in this way, as they interfere with T, synthesis. (See
‘Selenium and iodine interactions’, this chapter.)
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Plate 3.1 Signs of iodine intoxica-
tion at birth of foals out of mares
receiving excessive amounts of
dietary iodine during pregnancy. The
principal signs in the stable were
thyroid enlargement and bony
abnormalities of neonatal foals. (a)
Goitre in a foal, out of a euthyroid
mare. (b) Protruding lower jaw
(prognathism) of intoxicated foal. (c)
Muscular weakness and long bone
abnormalities of intoxicated foal. (d)
Enlargement of stifle joint in
intoxicated foal.

(®)
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Plate 3.1 Continued
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Supplements

Diets supplemented with between 0.1 and 0.2mg I/kg should adequately meet the
requirements of horses. The I is preferably added as potassium iodate rather than as
potassium iodide. The reason for this is that iodides are readily oxidized to I which
is volatile and so gradually lost from premixes and diets; however, iodates are more
toxic to handlers in concentrated form and should be handled with care.

Treatment of hypothyroidism

Young foals that are diagnosed as having goitre should not be treated with iodide,
or iodate, salts in the first instance. After receiving colostrum they should be
removed from their mother’s milk to a source known to contain normal amounts of
I. These foals are first treated with thyroxine while other analyses are undertaken to
determine the cause of the malady. The author’s evidence is that the thyroxine
rapidly raises blood T,, whereas treatment with I salts has only a marginal initial
influence on plasma T,.

Selenium (Se)

Selenium has gained prominence since the realization that it forms an integral part
of the GSH-Px (EC 1.11.1.9) molecule. This enzyme catalyses peroxide detoxifica-
tion in bodily tissues during which reduced glutathione (GSH) is oxidized.
It is closely involved with the activity of a-tocopherol (vitamin E), which protects
polyunsaturated fatty acids from peroxidation. The requirement for o-tocopherol
and Se is increased in the presence of high levels of dietary polyunsaturated fatty
acids — cod liver oil, linseed and corn oils — and, in fact, pasture grass. A
possible case for fish oils is put in Chapter 5, although they require higher levels of
protection from vitamin E, owing to a greater degree of unsaturation than of
vegetable oils.

Feed fats contain variable levels of polyunsaturated fatty acids; vegetable oils are
generally much richer sources of these acids than are hard animal fats. Although
linoleic acid (an n-6 fatty acid) is perhaps the most abundant polyunsaturated
fatty acid in vegetable oils, some oils, including those present in grasses, are richer
in o-linolenic acid (an n-3 fatty acid). This is particularly sensitive to peroxidation in
tissues and may therefore be more likely to cause problems than linoleic acid
(however, o-linolenic acid may otherwise have benefits; see Chapter 5, ‘Fat supple-
ments’). The alkali treatment of roughage to improve its digestibility has attracted
interest. It must, however, be appreciated that such treatment destroys o-tocopherol
and B-carotene, and unless appropriate supplementation is given, signs of myopathy
may occur in animals consuming significant quantities of such roughage.

Horses require about 0.15mg available Se/kg feed to meet their dietary require-
ment for this element, although the breeding mare may need up to 0.25mg/kg
dietary DM. Se supplementation is normally given as either sodium selenite, or
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sodium selenate, and evidence in horses (Podoll et al. 1992) indicates there is no
difference between them in potency. Measurement in laboratory animals, however,
shows that organic plant sources of Se are more potent than inorganic, although
barium selenate and amino acid chelated Se possess a high availability.

Se in forages and seeds occurs as selenocystine, selenocysteine and
selenomethionine. Selenium-enriched yeast is more digestible than Se from sodium
selenite (Pagan et al. 1999b). In a comparison of dietary organic and inorganic
sources of Se at 0.15 to 0.6 mg/kg Richardson et al. (2003) found that organic sources
tended to raise plasma Se concentration, but inorganic sources tended to increase
RBC GSH-Px activity. Thus, there seems to be a difference, not only in digestibility,
but also in metabolism. An explanation may be that absorption of organic Se is not
affected by minerals present in an inorganic form.

Exercise increases the urinary loss of Se from selenite. After absorption red blood
cells take up inorganic Se and return it to the plasma during exercise in a reduced
form, hydrogen selenide. Some of this, not bound to plasma protein, is excreted
through the kidneys and some is transported to the liver to form part of the
selenoprotein pool. By comparison, organic Se is transported in the blood bound to
amino acids and is less likely to be lost through the kidneys (Pagan et al. 1999b).

Janicki et al. (2001) found that 3mg/day organic Se of selenium-yeast, cf. sodium
selenite, produced higher plasma, colostrum and milk Se concentrations in breeding
mares and higher serum Se concentrations, GSH-Px activity and influenza antibody
titre, possibly associated with greater B-cell proliferation, in their foals.

Deficiency

Se deficiency produces pale, weak muscles in foals and a yellowing of the depot fat.
It is known that this form of muscular dystrophy in foals is related to a subnormal
level of blood Se and a depressed activity of the enzyme GSH-Px. It is essential
that pregnant mares receive adequate Se in their diet as their status affects their
foals and their performance at parturition, while their milk provides only modest
amounts of Se (Lee et al. 1995). Deficient pregnant mares (<0.5umolSe/l serum),
given at least 500 mg vitamin E and 25mg Se by intramuscular injection two or three
weeks prior to parturition, responded with shorter placental retention times and
a shorter interval between parturition and effective mating (Ishii et al. 2002).
Although the foal’s serum Se was raised by treatment of their dams it was still
deficient.

Serum Se values may fall to <0.3 umol/l in foals and reduced amounts among TBs
in the UK have been associated with poor racing performance (Blackmore et al.
1979, 1982). Only in extreme deficiencies, not normally seen in adult animals, is
there sufficient muscle damage for extensive membrane leakage of enzymes such as
aspartate amino transferase (AAT; EC2.6.1.1) and creatine kinase (CK or CPK; EC
2.7.3.2) to be detected. The normal peroxidation occurring in muscles after exercise
has, however, not been shown to be reduced by supplementary Se. Se deficiency in
vitro changes neutrophil function and so may depress resistance to infection.
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The Se content of herbage, cereals and other crops depends on the Se content of
the soil in which they were grown. Areas of deficiency include New Zealand, and
low soil concentrations occur in parts of Scotland and the eastern and western states
of the USA (Scottish wheat 0.028 cf. Canadian wheat 0.518ug Se/g DM; Barclay &
MacPherson 1992). The Great Plains and central southern states of the USA
have regions of high Se concentration in crops. These differences are reflected in
blood Se concentration, in GSH-Px activity and in performance. In the western
USA, concentrations of Se in the blood show a negative correlation with the inci-
dence of reproductive diseases in mares (Basler & Holtan 1981). In this particular
study, blood concentrations ranged from 1.2 to 3.1 umol/l and dietary concentrations
ranged from 0.045 to 0.461mg/kg, i.e. deficient to slightly excessive. Normal blood
Se is said to range from 0.8 to 2.8 umol/l in adult mares (according to Blackmore &
Brobst 1981), possibly suggesting that some ‘normal’ animals may have impaired
reproductive capacity owing to Se inadequacy. Amounts of Se in the serum are
closely correlated with whole-blood Se, so serum values in the horse seem, on
present evidence, to be a good and reproducible measure of status. An increase in
dietary Mn from 38 to 50 mg/kg increases both Se retention and blood Se, according
to Spais et al. (1977).

Toxicity

Se is highly toxic to animals and also to persons handling the salt in highly concen-
trated forms. The minimum toxic dose of Se through continuous intake is 2-5mg/kg
feed and acute toxicity is caused in sheep given amounts equal to, or greater than,
0.4mg Se/kg BW in a single dose.

Outside the UK there are areas where soils can contain in excess of 0.5mg Se/kg
and amounts of 5-40mg/kg DM are found in certain accumulator plants. The
predominant forms of Se in these plants are the soluble organic compounds
methylselenocysteine and selenocystathionine. Concentrations of up to several
thousand mg/kg have been detected in species of milk vetch (Astragalus). Various
species of woody aster (Xylorhiza) and goldenweed (Oonopsis), which grow in
low-rainfall areas, are also indicator plants, containing relatively high levels of Se.
Toxicity is thus more common in dry regions, but horses select grasses rather than
these toxic weeds where there is adequate grazing, as the indicator plants are
unpalatable. Where grass is sparse, animals suffer from ‘alkali disease’ in which
excessive Se causes a loss of hair on the mane and tail, lameness, bone lesions,
including twisted legs in foals, and sloughing of hooves. Plate 3.2 (S. Ricketts
personal communication) depicts signs in Se-intoxicated adult horses. The diseased
hooves were hollow, indicated by percussion, and there was greying of hair in the
mane and tail, a characteristic not previously noted (Plate 3.2a—c). The abnormal
hoof horn and hair contained much higher Se concentrations than did the healthy
material.

Intoxication involves a steady increase in tissue Se accumulation over months to
a plateau at which excretion in urine and faeces keeps pace with intake. Saturation
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Plate 3.2 A selenium-
intoxicated horse. (a) Loss and
greying of tail hair; (b) crumbly
hoof below coronary band; (c)
two feet showing healthy hoof
wall distal to (prior to) a period
of intoxication during which the
wall detached from the underly-
ing tissue. (Photographs courtesy
of Sidney Ricketts.)

(a)

(®)
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values of liver, kidney, hair and hooves are approximately 20-30mg/kg DM for
which Se, replacing sulphur, is incorporated in tissue proteins as selenocystine and
selenomethionine. Doses of Se received by intoxicated horses are normally impos-
sible to estimate accurately from field evidence owing to an accompanying loss of
appetite. There is no simple remedy for this intoxication apart from removal of the
animals from the region if destruction of the seleniferous plants is impractical.

Se and I interactions

Selenium functions not only as a component of glutathione peroxidase (GSH-Px;
EC 1.11.1.9) but also as part of the enzyme 1,5-iodothyronine deiodinase (EC
3.8.1.4), required in the conversion of T, to T5. As T} is the more potent hormone,
Se deficiency is said to be associated with human cretinism in northern Zaire. There
do not appear to be accounts of goitre in Se-deficient foals, so that the equine Se
requirement for the functioning of this deiodinase may be less than that for normal
function of GSH-Px.

The NRC (NRC 1989) dietary recommendations for Cu, Zn, Fe, Mn, Co, I and Se
in pregnancy and lactation were supported by the lack of response amongst foals to
further supplementation of their dams (Kavazis et al. 2002).

Chromium (Cr)

In the 1950s it was shown by Schwartz and Mertz that impaired glucose tolerance in
rats could be caused by a deficiency of the glucose tolerance factor, the active
constituents of which are trivalent chromium (Cr), niacin, glycine, glutamic acid and
cysteine.

Thus, chromium is essential for normal carbohydrate metabolism as a potentiator
of insulin action, and so it is found in insulin sensitive tissues where it stimulates
glucose clearance. When given as an inorganic supplement, trivalent Cr (I1T) at dose
levels of 300-500 ug Cr/kg diet accelerates glucose clearance, although no improve-
ments occurred in geriatric mares when a supplement of Cr-L-methionine (0.01 mg
and 0.02mg/kg BW daily) was given (Ralston et al. 1999). In some species, appar-
ently, Cr improves both cell-mediated and humoral indices of immunity. However,
Dimock et al. (1999) were unable to demonstrate any such improvement in geriatric
mares, whose immunocompetence may have been poor, by supplementation of an
alfalfa/maize concentrate with Cr-L-methionine. Trivalent Cr is relatively nontoxic,
whereas hexavalent Cr, present in chromates and dichromates and acting as a
pro-oxidant, is orally 10-100 times more toxic. Rats show no adverse effect from
100mg Crlll/kg diet. The recommended safe daily intake of CrlIIlI for humans
ranges from 50 to 200 ug.

Organic Cr in the form of the complete glucose tolerance factor, as found in
brewer’s yeast, may be more potent than inorganic Cr. Barley bread has been
traditionally given to individuals suffering from diabetes mellitus in Iraq. It appears
that barley is a richer source of Cr than is wheat, samples typically containing over
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6mg Cr/kg. Some yeasts are very rich sources of organic Cr, and horses given Smg
Cr, as yeast, in a natural basal diet providing 12mg Cr/day, showed a decrease
in both glucose and insulin responses. During exercise a lower plasma cortisol
response and raised plasma TAG concentrations were observed with the high Cr
yeast. As insulin inhibits the activity of intracellular hormone-sensitive lipase in
adipocytes, the lower insulin response probably allowed more NEFA to be mobi-
lized for both oxidation and return to the liver. There NEFA would be re-esterified,
entering the circulation as TAG, contained in very-low-density lipoproteins. Ott &
Kivipelto (1999) gave yearling horses coastal Bermuda grass (Cynodon dactylon)
hay supplemented with a concentrate providing chromium tripicolinate at 0, 105,
210 and 420pug Cr/kg total diet. The tolerance to an intravenous glucose injection
was improved by the highest chromium supplementation. The Cr would seem to
have reduced insulin resistance, reduced stress and facilitated energy metabolism in
all these horses. Nevertheless, doubts have been expressed over the safety of
picolinate sources in human nutrition.

Nickel (Ni)

Nickel (Ni) is both essential for and toxic to the functioning of ruminal microorgan-
isms, and so the dietary concentration may be critical for the horse. In the human
subject toxicity from Ni, CrVI and Fe is mostly confined to pollution from metal
industries.

Silicon (Si) and binders

Although Silicon is the second most abundant element in the earth’s crust, its
absorption may be influenced by dietary Mo and aluminium (Al) and its retention
by animals is sufficiently low for it to be classified as a trace element. (NB the best
bio-available source of Si in human nutrition is beer!) (Jugdaohsingh et al. 2002.)
Connective tissue Si is found in osteoblasts. It is a component of animal
glycosaminoglycans, and their protein complexes, so it appears to be essential for
bone matrix formation. It seems to have a structural function, acting as a cross-
linking element in the polysaccharide chains of the proteoglycans linked to the
collagen (protein) of cartilage. Collagen synthesis also requires Si for the optimal
activity of proline hydroxylase (EC 1.14.11.2). Si is probably also required for bone
mineralization, as deficiencies in other species include abnormalities in the skull and
leg bones. Independently of vitamin D-induced abnormalities, long bones have a
reduced circumference, thinner cortex and reduced flexibility resulting from Si
deficiency.

Lang et al. (2001) supplemented brood mares at foaling with 220 g/day supple-
mental Si, given as sodium zeolite (hydrated aluminosilicate which breaks down to
monosilicic acid and aluminium in the gut). By two months after foaling, increases
in Si concentration were found in mare’s blood plasma and milk and in the foal’s
plasma. Si also showed a tendency to increase mare’s serum osteocalcin (a
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non-collagenous protein synthesised by the osteoblast and used as an indicator of
bone formation). The supplementation of growing Quarter Horse foals at 6-18
months of age with sodium zeolite at the rate of 18.6g/kg total diet (Nielsen et al.
1993) increased subsequent plasma Si concentration and speed. It also extended
work time before leg injury, reducing its frequency and delaying withdrawal from
training.

The critical period seems to be up to one year of age in Quarter Horses, as
supplementation commencing at the yearling stage of growth had no physiologically
important effects on running performance from 18 months of age. Al salts can also
protect against toxic metal absorption. Whether this is a factor in the observation of
Nielsen et al. (1993) is unknown. However, Al and Mo can inhibit tissue accumula-
tion of Si and inhibit bone formation by reducing osteoblastic activity, osteoid
mineralization and matrix formation. Whether the Al component plays a useful part
by precipitating excess phosphorus in the gut, or whether the toxicity of Al is simply
exercised by inhibiting Si use is not known. It should be questioned whether an Al
silicate is the most appropriate vehicle for providing Si.

Zeolites are able to exchange constituent cations without a major change of
structure. The inclusion of zeolite, in a diet of breeding pigs that also contained
zearalenone improved reproductive performance (Papaioannou et al. 2002). It is
known that zeolite will increase faecal excretion of zearalenone and of aflatoxin B;.

Frape et al. (1981, 1982) demonstrated that a cell wall component of wheat grain
(the MAD fibre extract) bound aflatoxin B, and greatly increased its faecal excre-
tion. MTB-100 (Alltech, Inc., Nicholasville, Kentucky, 40356, USA), an esterified
glucomannan of yeast cell wall, binds aflatoxin, deoxynivalenol, fumonisin, T-2
toxin, ochratoxin and zearalenone (Anon 2002), and clay binders bind aflatoxin. It
is possible that a part of the response to zeolites may be explained by their ability to
bind intestinal toxins.

Boron, gallium and vanadium

No equine information is available on the elements boron, gallium and vanadium.

STUDY QUESTIONS

(1) The use and function of calcium is now well understood. What factors affect
calcium adequacy and use and why is it associated with a continuing problem
in horses?

(2) Most feeds contain adequate potassium and dietary sources are generally well
used. Why is potassium of any concern from nutritional and physiological
viewpoints?

(3) If weanlings were said to have problems with (a) mineral status, or (b) trace
element status, how would you set about resolving the position?
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Chapter 4
Vitamin and Water Requirements

The drink of all brute creatures being nothing but water, it is therefore the most simple . . . as it
is the proper vehicle of all their food, and what dilates the blood and other juices, which without
sufficient quantity of liquid, would soon grow thick and viscid.

W. Gibson 1726

VITAMIN REQUIREMENTS

Vitamins are nutrients that horses require in very small quantities, although the
actual needs for each differ considerably. For example, the dietary requirement for
niacin or for a-tocopherol (vitamin E) may be at least 1000 times the weight of that
for either vitamin D or vitamin B,,. However, measurements of vitamin require-
ments lack precision; there is little direct evidence of the requirements for any of the
vitamins in the horse and assertions are largely based on measurements in other
domestic animals.

Like other mammals, horses require vitamins for normal bodily functions. These
requirements will be met by vitamins naturally present in feed, supplementary
sources, tissue synthesis and, in the case of vitamin K and the water-soluble B
vitamins, additional amounts supplied from microbial synthesis in the intestinal
tract. The tissue requirements are complicated by the synthesis of ascorbic acid from
simple sugars in the horse’s tissues, the production of vitamin D in the skin as a
reaction to ultraviolet light, the tissue synthesis of niacin from the amino acid
tryptophan, and the partial substitution of a need for choline by methionine and
other sources of methyl groups.

Dietary requirements for specific vitamins are therefore affected by circumstance;
for example, where horses are kept indoors or are maintained in very high northern
latitudes, or indeed have highly pigmented skins and thick coats of hair, their dietary
requirements for vitamin D will be greater. Young foals possess a poorly developed
large intestine so that little dependence on it for B vitamin or vitamin K synthesis
may be assumed. Foals grow fast and, in common with other domestic animals, one
must assume that as their tissue requirements exceed those of adults, so their dietary
needs are far greater. Tissue demands will also be larger for lactating mares than for
barren mares, but as the former are likely to be eating more, this tends to lessen the
difference per unit of feed.

Adult horses are able to draw on much larger reserves of some vitamins to see
them through periods of deprivation. For example, a good grazing season on high-
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quality grass can satisfy the mare’s vitamin A requirement through about two
months of the ensuing winter. In some instances, however, old mares or other horses
have a diminished ability to assimilate nutrients, particularly the fat-soluble vita-
mins, through a decline in digestive efficiency with age and possibly through the
debilitating damage of intestinal parasites. There is also some evidence that the
fertility of old barren mares benefits from larger than normal doses of vitamin A. A
role for B-carotene, other than as a precursor of vitamin A, is equivocal in the horse,
and indeed nothing is directly known of possible functions of the hundreds of other
carotenoids in equine metabolism, although some may be suspected.

Inferences drawn from other domestic animals cannot be used in estimating the
effect of strenuous work on vitamin needs. It has been asserted, with some justifica-
tion, that the dietary requirements for certain B vitamins involved in energy me-
tabolism are increased for animals in heavy work, both in total and per unit of feed.
This conclusion is reinforced by a frequent decline in appetite during extra hard
work. The nutritional requirements of work should, however, not be confused with
pharmacological responses. For example, thiamin given parenterally in single doses
of 1000-2000myg is said to have a marked sedative effect on nervous racehorses.

Recommended dietary allowances for vitamins are given in Tables 4.1 and 6.21,
p- 227 and a summary of deficiency signs is given in Table 4.2.

Fat-soluble vitamins
Vitamin A (retinol)

Grazing horses derive their vitamin A from the carotenoid pigments present in
herbage. The principal one of these is B-carotene and fresh leafy herbage contains
the equivalent of 100000-2000001iu vitamin A/kg DM for most domestic animals
[liu equals 0.3ug retinol (vitamin A alcohol)]. The horse, however, seems to be

Table 4.1 Adequate concentrations of available vitamins*/kg total diet (assuming 88% DM).

Mature horse Mares: last 90 days’ Lactating Weaned Yearling
gestation mare foal
Maintenance Intense Stallions
work

Vitamin A (iu) 1600 1600 3500 3000 3000 2500
Vitamin D (iu) 500 500 700 600 800 700
Vitamin E (mg) 50 80 60 60 70 60
Thiamin (mg) 3 4 3 4 4 3
Riboflavin (mg) 2.5 3.5 3 3.5 3.5 3
Pyridoxine (mg) 4 6 5 6 6 5
Pantothenic acid (mg) 5 10 5 8 10 5
Biotin (ng) 200 200 200 200 200 200
Folic acid (mg) 0.5 1.5 1 1 1.5 0.5
Vitamin By, (ug) 0 5 0 0 15 0

*There is no evidence of a dietary requirement for vitamin K, niacin or ascorbic acid in healthy horses.
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Table 4.2 Signs of advanced vitamin deficiency in the horse and pony. The status should always be kept
well above that leading to these signs to provide positive benefits.

Vitamin A Anorexia, poor growth, night blindness, keratinization of skin and cornea, increased
susceptibility to respiratory infections, infertility, especially in older mares, lameness

Vitamin D Reduced bone calcification, stiffness and abnormal gait, back pain, swollen joints,
reduction in serum calcium and phosphate

Vitamin E  Pale areas of skeletal muscles and myocardium, red cell fragility, reduced phagocytic
activity
Vitamin K Extended blood-clotting time (prothrombin time), but vitamin K deficiency is rarely

seen unless it is induced by drugs. Vitamin K is also required for osteocalcin function
and bone health.

Thiamin Anorexia, incoordination, dilated and hypertrophied heart, low blood thiamin and
elevated blood pyruvate

Folic acid Poor growth, lowered blood folate

Biotin Deterioration in the quality of the hoof horn, expressed as dish-shaped walls that
crumble at the lower edges so that shoe nails fail to hold

relatively inefficient in the conversion of -carotene to vitamin A, and the carotene
in good-quality grass or lucerne hay is estimated to possess only a fortieth of the
value, weight for weight, of retinol (vitamin A). Although fresh pasture herbage
would normally provide well in excess of the requirement, hay used for feeding
horses in the UK provides meagre amounts of carotene and particularly where it is
more than six months old should be considered to contribute none, unless it is visibly
green. Greiwe-Crandell et al. (1995) found that reserves in horses deprived of
pasture were depleted in about two months.

Various signs of vitamin A deficiency have been recorded, as it has several
important functions, among them the integrity of epithelial tissue, normal bone
development and night vision. One of the earliest signs of deficiency includes
excessive lacrimation (tear production); a protracted deficiency may cause impaired
endometrial function in the mare. K.M. Greiwe-Crandell (personal communication)
observed increased frequencies of retained placenta at parturition and lower birth
weights, slower growth rates and contracted tendons in foals following vitamin A
depletion of the dam.

Figure 4.1 indicates that these clinical signs of deficiency occur under fairly
extreme conditions of deprivation. As many horses are stabled for most of their
time, when they consume little or no fresh herbage, the possibility of this deprived
state exists. However, few cases of overt vitamin A deficiency are recognized among
stabled horses in Western countries as most routinely receive supplementary syn-
thetic sources. There is evidence of responses in several animal species to rates of
intake above the minimum requirement level (Fig. 4.1) under the stress of certain
chronic transmissible diseases. Some forms of infertility, particularly in elderly
mares, may respond to vitamin A therapy and responses among TBs in training
suffering tendon strain and lameness have been noted (Abrams 1979).
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Measurement of vitamin A status from blood values

Blood plasma retinol has a relatively low concentration in horses. Butler and
Blackmore (1982) give a range of 60-300pg/l for TBs in training in the UK. This
range is consistent with that given for other countries, but a marginal dietary
deficiency causes little change in this. Plasma retinol is sustained by hepatic reserves
and so varies only to a small extent with intake. The vitamin A status can be assessed
by use of the relative dose response (RDR). For the horse this is determined in
jugular blood as:

100(A, — A,)/A, = RDR%

where A, is plasma retinol concentration four hours following feeding 10000iu
vitamin A, and A, is fasting plasma retinol concentration (Jarrett & Schurg 1987). A
deficiency is indicated where RDR % is greater than 20%.

The response at four hours, measured as total vitamin A, probably represents a
combination of retinyl ester, in the process of absorption, plus the subsequent
release of retinol from the liver. However, the object of the assay is to measure
hepatic release of retinol, which peaks at 12-15 hours post-dose of the ester. Thus,
a more sensitive RDR test is obtained by measurement of plasma retinol only, by
high performance liquid chromatography (HPLC), at 0 hours and at about 14-15
hours following the dose. The revised procedure employs an oral dose of 123.5mg
retinyl palmitate (224152iu) (Greiwe-Crandell et al. 1995):
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100(A, — Ay)/A,, = RDR%
By this test a deficiency probably occurs when RDR % exceeds 10-12%.

Requirement

The NRC (1989) recommends 9-18ug/kg BW retinol daily. This is equivalent to
15000iu daily for a 500kg horse (or, say, 1500iu/kg total feed). Most commercial
feeds are supplemented with at least 10000iu/kg, so providing much more on a daily
basis, where an allowance of, say, 4-7kg is given. Donoghue et al. (1981), however,
reported that the optimum vitamin A intake for normal growth rate of foals was
17ug/kg BW daily, for adequate liver-secreted serum constituents 65ug/kg BW
daily and for normal haematopoiesis 120ug/kg BW daily. As 120ug/kg is equivalent
to 15000iu/kg feed the optimum intake is clearly not well established. Moreover, the
presence of respiratory infections may increase the requirement, as these infections
are frequently associated with a decrease in plasma vitamin A concentration. A dose
rate of 120ug/kg BW daily is equivalent to 150000-2000001u daily for a horse, and,
at an intake rate five or more times this, toxic reactions should be expected.

Preformed vitamin A and B-carotene, in common with all other fat-soluble vita-
mins, are unstable, being subject to oxidation, so that natural feed gradually loses its
potency. Synthetic forms of vitamin A are stabilized and, when undiluted and stored
in reasonable conditions, they retain more than three-quarters of their potency for
several years. The grain/protein concentrate portion of the diet supplemented to the
extent of 10000iu vitamin A/kg (3mg retinol/kg) should allow all foreseeable vita-
min A demands to be met (with the possible exception of haematopoiesis in foals,
as indicated above). In practice, deficiencies may arise from failure to supplement
feed or from the provision of badly stored old feed.

Vitamin A deficiency can also be induced in livestock by other dietary abnormali-
ties. Evidence from several grazing species indicates that signs of deficiency can
arise in stock subsisting on poor forage marginal in carotene, which, like much horse
hay, contains less than about 7% of crude protein and is deficient in zinc. Authen-
ticated evidence for such interactions in equids is unavailable, but they probably
explain the observations of Jeremiah (14:6): ‘The wild asses stand on the bare
heights, they pant the air like jackals; their eyes fail because there is no herbage’.
Thus, stock under range conditions should also be given adequate supplementary
protein and trace elements.

B-Carotene

The plant pigment f-carotene, is the precursor of retinol (vitamin A); however, the
pigment appears to function in the animal body independently of this precursor
function. There is evidence that cows deprived of B-carotene respond to its supple-
mentation by an improvement in fertility. It may simply function as an intracellular
antioxidant, for in rats stressed with high intakes of corn oil the consumption of
B-carotene lowered the activity of liver superoxide dismutase. However, the corpus
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luteum accumulates B-carotene and 1g/mare daily has been shown to stimulate
ovarian activity in both the follicular and corpus luteum phases and to increase
circulating progesterone during dioestrus. Treated mares are said to display an
enhanced oestrus, an increased pregnancy rate and reduced cycling disorders. This
treatment of stabled breeding mares has, in some studies, led to blood B-carotene
concentrations similar to those found in pastured mares. However, problem barren
mares are said to accumulate lower amounts in the blood. ‘Foal heat’ diarrhoea of
foals is said to be reduced by the elevated blood B-carotene concentrations of their
dams.

A report from Edinburgh (Watson et al. 1996), on the other hand, indicates that
water-soluble synthetic B-carotene is not absorbed by the horse as no increase in
plasma B-carotene occurred with dietary supplements of either 1.8 or 10mg/kg BW
per os daily. Moreover, no change in cyclical ovarian activity, or in plasma proges-
terone concentration, was produced in that study, and poorer pregnancy and foaling
rates, cf. retinyl palmitate, were observed in another study (K.M. Greiwe-Crandell
personal communication). Pasture legumes are particularly rich sources of -
carotene and these natural sources are absorbed by horses, although the equine
response is relatively low. Mixed grass—clover pasture contains at least 400mg -
carotene/kg DM during the growing season, providing many times the equivalent of
the vitamin A requirement. Fonnesbeck & Symons (1967) recorded plasma concen-
trations of 70pg/l B-carotene from daily intakes of 650mg lucerne B-carotene in
comparison with 40ug/l B-carotene from 170mg B-carotene derived from fescue
grass (also see ‘Lucerne’, Chapter 5).

Breeding mares deprived of pasture during the winter can become depleted of the
fat-soluble vitamins A, D and E, as grass hay, or silage, is generally not an adequate
source of these vitamins. Blood concentrations tend to be lowest in late winter
(Médenpéd et al. 1988a); moreover, mares may be depleted of vitamin A two months
following removal from pasture, or by mid-winter in pastured mares (Greiwe-
Crandell ef al. 1995).

Vitamins D, (ergocalciferol) and D; (cholecalciferol)

Function

The widespread occurrence of bony abnormalities in horses and the misunderstand-
ings concerning the interpretation of Ca and phosphate values in blood justify a
short summary of the functioning of vitamin D, which has been elegantly unrav-
elled. Vitamin D is required for the maintenance of Ca and phosphate homeostasis,
impairment of which produces the lesions in bone called rickets, or osteomalacia
and the risks of lameness and bone fractures.

Metabolism

It has been realised in recent years that a fuller understanding of vitamin D function
and of the calcium economy of a horse requires an assay of the active form of
parathyroid hormone (PTH), secreted by the parathyroid gland in the neck. Stand-
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ard assays use an antibody against the carboxy-terminal- and mid-regions, and
another against the amino-terminal region of the molecule (human intact PTH), or
simply two antibodies against the amino-terminal region (rat assay). Estepa et al.
(1998) reported that both assays detected a rise in PTH concentration of horse
plasma when blood ionised Ca was decreased and a decline in PTH concentration
with hypercalcaemia. Modulation of ionised Ca occurs as a consequence of the
conversion, under the influence of PTH, of vitamin D to its metabolically active
form that has two principal targets in many mammals — the small intestine and bone.
The active form 1,25-(OH),-vitamin D is derived from both ergo- and cholecalcif-
erol. In this form the vitamin fits the classic model of a steroid hormone, but it is
found to be present in extremely low concentrations — 55pmol/l plasma (approxi-
mately 24ng/l) in horses 1-30 years of age (A. Breidenbach personal communica-
tion) (human plasma 20-40ng/l, 1ng = 1/1000ug). The intermediary metabolite
25-OH-vitamin D, formed in the liver, is present in much higher concentrations (in
human plasma 15-38ug/l) and is therefore more easily measured. Horse blood
contains relatively low concentrations of the 25-OH metabolite. In Finland,
Maienpaid et al. (1988b) reported winter mean concentrations of 2.14 g/l and 8.05 pg/
1, respectively, for 25-OH-vitamin D, and 25-OH-D;. In summer, the respective
mean values were 2.16 and 16.6ug/l. The relatively higher 25-OH-D; value reflects
the synthesis of vitamin D, in response to solar ultraviolet irradiation of the skin
in the summer, whereas the ergocalciferol vitamin D, is a poor source, derived from
the action of ultraviolet light on cut leafy forage, i.e. hay.

The low equine concentration of even the 25-OH metabolite in blood, following
vitamin D injections (Harmeyer et al. 1992), seems to indicate that the hormone has
a lesser function in the horse than in other domestic animals, where it is critical for
the intestinal absorption of Ca. The 25-OH metabolite is converted to the 1,25-
(OH), hormone by la-hydroxylase in the renal cortex, the activity of which was
found to be nearly undetectable in the horse (Harmeyer et al. 1992). Nevertheless,
blood plasma concentrations of Ca in the horse are higher than those in the gut
lumen, so that active absorption must be taking place, presumably requiring a Ca-
binding protein. In fact vitamin D-responsive Ca-binding protein has been identified
in the equine duodenum, but it seems to be of less metabolic significance than in
other domestic species investigated. It is possible that dietary vitamin D needs to
be given in larger quantities than those recommended, as it is essential in
the prevention of dyschondroplasia, as well as ensuring adequate bone ash.
Nevertheless, excessive toxic doses cause signs similar to those of a deficiency.

In bone tissue, together with PTH, the 1,25-(OH),-vitamin D hormone serves to
mobilize bone minerals. In the kidney tubules, PTH stimulates the reabsorption of
Ca ions but blocks the reabsorption of phosphate. The vital objective of these two
hormones, together with thyrocalcitonin, is to sustain a constant level of blood Ca.
It is a fascinating fact that they modulate both Ca and P nutrition, but with different
signals. When the diet is deficient in Ca, but adequate in P, then a fall in plasma Ca
ions triggers the release of PTH from the parathyroid gland. This stimulates renal
Ca reabsorption and the production of the vitamin D hormone. Intestinal absorp-
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tion and bone mobilization of both Ca and phosphate are facilitated so that blood
Ca and blood pH are returned to normal. Blood phosphate does not rise because of
the PTH blocking effect on the renal reabsorption of phosphate.

Thyrocalcitonin counterbalances and modulates the effect of PTH by increasing
the net deposition of Ca in bone stimulated by a raised serum Ca. By contrast,
deficiency of dietary P depresses blood phosphate, which in turn directly raises
ionized Ca in the blood, but also stimulates production of the vitamin D hormone.
The combined effect of this is to suppress PTH production, increasing phosphate
retention by the kidney (negating phosphate diuresis), stimulating Ca and phos-
phate absorption from the small intestine. Blood Ca, however, does not rise exces-
sively as the lack of PTH increases the urinary loss of Ca (see also Chapter 11).

It is evident that when vitamin D nutrition is adequate for a given age of horse,
but not so Ca or P, blood Ca is held within fairly well-defined limits and phosphate
will be more variable. In the absence of vitamin D the efficiency of Ca absorption
from the intestinal tract and the mobilization of bone Ca are depressed, so that
blood Ca levels will fall. Some mobilization of bone Ca will continue, however, so
that osteomalacia, or gradual bone decalcification, occurs in the adult horse and
rickets, or reduced calcification of bones, is displayed by the young. On the other
hand, some authorities dispute the existence of true rickets in growing horses and
vitamin D is probably of less metabolic significance than in the young pig. Neverthe-
less, a loss of appetite, discomfort on standing, lameness, increased risk of bony
fractures and a thinning of the cortex of long bones have been described in foals
deprived of sunlight and dietary vitamin D. In young horses, the growth plate
(epiphyseal plate) of long bones is irregular, widened and poorly defined and the
epiphyses are late in closing.

Dietary requirement

If the cereal/protein concentrate component of the diet is supplemented with 1000iu
vitamin D/kg (25 ug cholecalciferol or ergocalciferol, as 1iu is equivalent to 0.025ug
cholecalciferol or ergocalciferol), then the daily requirement for vitamin D should
be met. Moderately large doses of vitamin D can, to some extent, compensate for
low dietary Ca by promoting further Ca absorption, particularly where dietary P is
in excess. However, large doses of vitamin D (in excess of 2000-3000iu/kg BW daily,
or in excess of 60000-100000iu/kg diet) will cause similar signs to those of the
deficiency and eventual death, owing to the effect of vitamin D hormone on bone
mineral mobilization and a consequential calcification of soft tissue.

Natural sources of toxicity

Several plant species, not found in the UK, actually synthesize this highly active
hormone as the calcitropic principal, 1,25-(OH),-D;-glycoside. Thus, horses grazing
areas where the plants exist will develop rickets and soft-tissue calcification (for
example, Cestrum diurnum, a member of the potato family, sometimes incorrectly
called wild jasmine, found in Florida and other subtropical states, including Texas
and California, causes the condition).



96 Equine Nutrition and Feeding

Vitamin E (o-tocopherol)

Vitamin E potency is possessed by several tocopherol and tocotrienol isomers and
undoubtedly all these have some antioxidant value in the feed and in the GI tract.
However, analysis has shown that o-tocopherol is the only isomer to be found in
significant amounts in equine tissues and so is the only form to have significant
vitamin potency. Thus, natural forms of vitamin E (p-o-tocopherol and its acetate
salt) have a somewhat greater bioavailability in the horse than the racemic mixture
of synthetic forms (DL-0-tocopherol and its acetate salt) and free alcohols are
superior to the salts (Hargreaves et al. 2001). Nevertheless, evidence (Christen et al.,
1997) indicates that y-tocopherol displays an active metabolic role in several species.

As tocopherols have an antioxidant property that protects other substances in
food, they are themselves destroyed by oxidation. This is accelerated by poor
storage, mould damage and by ensilage of forage or the preservation of cereals in
moist conditions. After the crushing of oats or grinding of cereals, the fats are more
rapidly oxidized and vitamin E is gradually destroyed unless the material is pelleted.
Fresh, green forage and the germ of cereal grains are rich sources of vitamin E, but
feeds are frequently supplemented today with the relatively stable acetate ester
of o-tocopherol. (See ‘Selenium’, Chapter 3, for effects of vitamin E/selenium
supplements.)

Vitamin E status

Evaluation of the vitamin E status of horses is problematic, owing to a relatively low
normal plasma o-tocopherol concentration. The normal range is 1.5-5mg/l. Adi-
pose tissue of horses contains large quantities (10-60ug/g) of o-tocopherol that are
not prone to the short-term fluctuations characteristic of blood levels. The wide
range indicated for these two tissues is intended to accommodate limited evidence
for variation found among breeds. TBs tend to have plasma and adipose tissue
concentrations at the lower end of these ranges and overall storage is lower than
that for vitamin A.

Vitamin E, ascorbic acid and exercise
Vitamin E adequacy has been measured for many years as the dietary amount
required to minimize erythrocyte haemolysis in the presence of dialuric acid, hydro-
gen peroxide or other haemolytic agents. Early studies (NRC 1978) indicated that
the horse required only 10-15mg/kg diet to ensure this. Limited experimental
evidence (Lawrence et al. 1978) suggests that vitamin E supplements increase
amounts of blood glucose and lactate in exercised horses and may help maintain the
normal packed cell volume of the blood. A vitamin E deficiency is known to reduce
endurance in rats and the vitamin may be particularly important for extended work.
Further evidence indicates that vitamin E supplements result in higher red cell
GSH-Px activity following exercise (Ji ef al. 1990).

Ronéus et al. (1986) found that to provide adequate Standardbred tissue satura-
tion with o-tocopherol the daily supplement of pL-o-tocopheryl acetate (all-rac-o-
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tocopheryl acetate) should be 600-1800mg. This is equivalent to 1.5-4.4mg/kg BW.
The question that arises then: Is it necessary to saturate tissues with the vitamin? a-
Tocopherol forms an integral part of cellular membranes, where it protects polyun-
saturated fatty acids. The peroxidation of these w-6 fatty acids probably increases
during exercise — frequently measured as an increase in thiobarbituric acid reactive
substances (TBARSs) - yielding n-pentane, a hydrocarbon gas that is excreted in the
breath, although an assessment of breath pentane following exercise is complicated
by an associated increase in breathing rate. McMeniman & Hintz (1992) recorded
an increase in plasma ascorbic acid and a tendency to a decrease in plasma TBARs
in exercised ponies supplemented with additional vitamin E. However, the addi-
tional amount was only 100iu/day and very few animals were used. TB horses may
have higher needs. Schubert (1990) reported that quite large supplementary levels
of vitamin E improved the track performance of racehorses. A supplement of 240iu
vitamin E/kg feed plus 10 g/d ascorbic acid has led to higher blood levels of both a-
tocopherol and of ascorbic acid in heavily used polo ponies late in the competition
season (Hoffman et al. 2001).

Amongst endurance horses, a variable vitamin E intake of 1150-4700mg/day
during the weeks prior to an 80km ride resulted in a positive correlation of intake
with plasma o-tocopherol concentration, and a negative correlation of intake with
plasma CK and AST activities during the ride (Williams et al. 2003b). These data
indicate that the mean of 5mg vitamin E/kg BW for hard exercise may be inad-
equate. Moreover, it has been proposed that oxidant/antioxidant imbalance plays a
decisive role in the pathogenesis of chronic inflammatory airway diseases. A supple-
ment of vitamin E, ascorbic acid and selenium (Winergy Ventil-ate™, Winergy,
Pedigree Masterfoods, Melton Mowbray, Leicestershire, UK) improved exercise
tolerance and reduced pulmonary inflammation in heaves-affected horses in remis-
sion at rest and after a standard exercise test (Kirschvink ez al. 2002). Hence, the
vitamin E requirement of working horses requires further assessment and may be
up to 300mg/kg dietary DM (8-9mg/kg BW daily).

Fat supplementation

There is increasing interest in fat supplementation of diets for exercising horses
(see Chapter 9). Many vegetable and fish oils, such as corn, soya or cod liver oil,
are rich in polyunsaturated fatty acids and oil supplementation of other species
is known to increase the vitamin E requirement. In the horse muscle, TBARs
have been shown to rise following this supplementation, despite the naturally
high concentration of vitamin E in fresh corn or soya oil and the addition of
antioxidants during manufacture of the oils. Clearly, stale, badly stored oils should
not be used.

Breeding mares

Vitamin E functions by protecting unsaturated lipids in tissue from oxidation. In
conditions where the intake of selenium and vitamin E is low, which can occur on
pasture, mares give birth to foals suffering from myodegeneration. Pale areas in the
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myocardium and skeletal muscles are apparent on post-mortem examination and
muscle-cell damage is seen histologically. If the foals survive, damage is said to be
irreversible. Other signs include steatitis, or yellowing of the body fat, and general
fat necrosis with multiple small haemorrhages in fatty tissues. As with other causes
of muscle damage, the activity of blood CK (EC2.7.3.2) and AAT (EC 2.6.1.1) rises
and probably the fragility of red blood cells increases.

Immune function

Vitamin E is required for normal immune function. Baalsrud & @vernes (1986)
reported that a vitamin E supplement given to oat-fed horses increased their hu-
moral immune response to tetanus toxoid and equine influenza virus. An increase in
the phagocytic activity of foal neutrophils has been induced by supplementation.
Mares given a traditional mix supplemented with 160iu vitamin E/kg mix, cf. 80iu/
kg, from four weeks before foaling, tended to have higher serum and colostrum
concentrations of immunoglobulins, leading to somewhat higher serum IgG and
IgA concentrations in their suckled foals (Hoffman et al. 1999). Further work is
required, especially in relation to neonatal infections.

Vitamin E in prevention of equine degenerative myeloencephalopathy (EDM)

and equine motor neuron disease (EMND)

Two neurological disorders of horses have been recognized to involve o-tocopherol
status — equine degenerative myeloencephalopathy (EDM) and equine motor neu-
ron disease (EMND). Oxidative injury of myelinated nerve fibres occurs in both
diseases. The sheaths of these fibres are rich in unsaturated fat normally protected
by o-tocopherol.

EMND is typified by weight loss, despite normal or increased appetite, and
increased recumbency and trembling of proximal limb musculature (Mayhew 1994).
The lifting of one thoracic limb from the ground for a few minutes may induce
trembling, especially in proximal limb muscles of the opposing thoracic limb. Other
signs include hyperaesthesia (hypersensitive response to stimulation) and low head
and neck carriage. Affected horses move better than they stand. The clinical signs
and neuronal lesions bear some resemblance to the clinical signs and lesions present
in autonomic neurons of equine grass sickness (see Chapter 10), apart from the
normal feed intake of EMND patients. Muscle atrophy is present in the chronic form
of EMND and the tail head is frequently held in a raised position, as neurogenic
atrophy from oxidative damage to the somatic ventral motor neuron cells causes
contracture of muscle. Abnormal brown pigment deposits may be seen in the retinal
fundus, and serum ferritin and hepatic iron are frequently elevated (Divers
et al. 2001; Verhulst et al. 2001). In common with EDM, the disease is typically
associated with an absence of access by horses to pasture, with the consumption of
poor quality hay and with low concentrations of circulating levels of o-tocopherol.
EMND seems to prevail among adult horses of a wide age distribution. Divers et al.
(1994) recorded EMND in 28 horses, ranging in age from 3 to 18 years, with the
highest frequency among four-to-nine-year-olds. Quarter Horses are commonly
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affected (Divers et al. 2001). Mayhew (1994) considered that EMND may require a
neurotoxin to initiate oxidative neuronal degeneration in a pre-existing vitamin E
deficient state of the adult horse (also see ‘Grass sickness’, Chapter 10). Green forage
and vitamin E supplementation at 2000iu/day are required when access to green
forage/pasture is limited. Standard preparations that include Se would normally lead
to selenium toxicosis if the dose provides the required amount of vitamin E.

EDM usually develops in growing horses and is possibly more prevalent in some
sire lines. EDM is a diffuse degenerative disease of the spinal cord and caudal
medulla oblongata of equids. The disease may arise in foals where breeding horses
have no access to pasture, or where large numbers of horses are crowded on poorly
productive, often dry, pasture and are given poor sun-baked hay. The clinical signs
include an abrupt to insidious, onset of symmetric paresis, ataxia and dysmetria.
Stiffness of the limbs of foals and yearlings is seen to persist to adulthood. The signs
are present particularly in the pelvic limbs, but also in the thoracic. In the author’s
experience, EDM has been associated with absence of pasture and the presence of
developmental orthopaedic disease (DOD) (see Chapter 8), and signs were not
expressed until three to five months of age. Older horses exhibit a striking
hyporeflexia over the neck and trunk. Histologically, neuroaxonal dystrophy is
widespread, and neuronal atrophy, axonal swellings (spheroids), astrogliosis and
lipofuscinlike pigment accumulation are prominent in older horses. The signs
should not be confused with those of infections, such as that of West Nile virus
infection (Cantile et al. 2000). The signs of this include ataxia, weakness and paresis
of the hind limbs, occasionally progressing to tetraplegia and recumbency. In EDM,
plasma a-tocopherol concentrations range from 1-1.5mg/l. The condition is vitamin
E responsive, where it has not progressed too far, and then plasma levels may rise
to 2mg/l. Selenium does not seem to be involved.

For breeding horses without access to pasture, the daily vitamin E supplementa-
tion needs to be high — 2000iu daily for breeding mares. For those presenting signs
of ataxia, 6000iu pL-0-tocopheryl acetate/horse daily should be mixed in 30ml
vegetable oil (see below) which should be added to 1kg freshly ground cereal on a
daily basis (not stored). Little response is likely for three weeks. Once improvement
has been achieved the supplementary dose may be slowly reduced to 2000iu daily.
Proof of absorption should be sought by o-tocopherol determinations on blood
samples.

The lipids of plant leaves are much richer in n-3 polyunsaturated fatty acids than
are those of seeds. The author suggests that the cause of EDM may be a combina-
tion of deficiencies of natural antioxidants and of n-3 polyunsaturated fatty acids.
This assertion would need testing before recommendations could be advanced. Fish
oils are rich sources of the higher n-3 fatty acids. As an intermediary step, vegetable
oils, such as rapeseed oil, richer in the lower members of the n-3 series than corn oil,
might be used as the carrier for the vitamin E; but the dose of oil would have to
be much greater than 30ml — say 200ml daily. Natural antioxidants include the
carotenoids. The author has found that control of EDM is assisted by providing a
source of these carotenoids, such as mould-free carrots, or dehydrated lucerne, and
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Table 4.3 Summary of proposed daily treatment for a horse present-

ing EDM.

Vitamin E 2000-60001iu

Rapeseed oil' 30-200ml

Clean, mould-free carrots 2kg

Dried lucerne’ 2kg

Riboflavin 12 mg/kg concentrate

Coarse mix diluted To appetite, given ad libitum
with molassed chaff to growing weanlings

'If fish oil is used, the minimum vitamin E dose should be 4000iu/day.
’A good source of riboflavin, although the additional 12mg is an
insurance.

the riboflavin supplementation of a concentrate mix should be increased to 12mg/kg
(Table 4.3).

It is commented on above that DOD seems to be present in some EDM cases. To
this end, as discussed in Chapter 8, the author has found that the ad libitum feeding
of growing foals and yearlings is helpful. Most published evidence suggests that this
aggravates the condition; however, in several studies including Savage et al. (1993a,
b) meal-fed and ad libitum-fed horses have been compared when given the same
concentrated feed (this comparison was necessary for the needs of good experimen-
tal design), whereas the author’s experience indicates that the feed for ad libitum
feeding should be a coarse mix or a small pellet diluted with molassed chaff, so that
the amount taken in at each ‘sitting’ provides a relatively small amount of energy,
akin to nibbling.

‘Tying-up’

Some benefit to ‘tying-up’ or myositis cases, seen, on occasion, after one or two days’
rest in hard-worked horses, is said to accrue from treatment with selenium-vitamin
E injections (see Chapter 11).

Recommended dietary allowance for normally managed horses

Although more vitamin E may be needed when selenium is deficient, both are
required nutrients and the amount of vitamin E that should be present in the diet
rises in proportion to the level of dietary unsaturated fats (Agricultural Research
Council 1981). Typical rations for horses should contain 75-100iu vitamin E/kg (1iu
is equal to 1 mg DL-0-tocopheryl acetate, i.e. all-rac-a-tocopheryl acetate), although
the requirement of very young foals may be slightly greater and that of idle adult
horses somewhat less than this.

Vitamin K (phylloquinone)

There are two natural sources of vitamin K. Green plants synthesise phylloquinones
(phytylmenaquinone) and bacteria synthesise menaquinones. Vitamin K,,
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prenylmenaquinone-n, along with the B vitamins, is synthesized by functioning gut
microorganisms in amounts that should normally meet the horse’s requirements.
However, this source may be inadequate during the first couple of postnatal weeks,
or during extended treatment with sulphonamides. Vitamin K functions in the post-
translational carboxylation of specific glutamate residues in at least a dozen pro-
teins, including osteocalcin, a major protein of bone matrix and a protein required
for bone development. Higher concentrations of the vitamin are required for the
function of osteocalcin than are necessary for its role in blood coagulation, although
signs of deficiency have not been observed in horses. Carboxylation allows
osteocalcin to bind hydroxyapatite in bone formation. The vitamin K status of
growing horses increases with age, as indicated by increased binding capacity of
serum osteocalcin (but with lower serum osteocalcin concentrations). The binding
capacity increases with earlier weaning, indicating higher vitamin K status than with
later weaning (Siciliano et al. 1999b), probably reflecting an earlier role for the large
intestine.

There is some tissue storage of vitamin K, and, in addition to intestinal synthesis,
green forage is a rich source of phylloquinone, so supplementation is unnecessary.
No correlation between serum osteocalcin, or its binding capacity, with bone density
or health was observed in horses given brome grass hay (2.73 g phylloquinone per
kg) and a grain-mix (400mg phylloquinone per kg) (Siciliano et al. 2000).

Airway haemorrhages in bleeders are an expression of blood vessel fragility and
not one of a failure in the clotting mechanism and so may not be controlled by
vitamin K therapy. It is common for racehorses to present evidence of a mild form
of haemorrhaging after races, and exercise had no effect on vitamin K status,
expressed as hydroxyapatite-binding capacity for serum osteocalcin (Siciliano et al.
1999a).

Water-soluble vitamins

Normal intestinal synthesis plus the quantities naturally present in typical horse
feeds seem to meet the maintenance requirements for the B vitamins riboflavin,
niacin, pantothenic acid and pyridoxine. Should there be a basic change in diet
towards root vegetables and certain by-products in the future, then an increase in
supplementary needs might result. The needs of lactating mares and weanling
foals should be met if good-quality pasture grass is provided. Additional nutrient
demands of exercise are discussed in Chapter 9.

Thiamin

Signs of equine thiamin deficiency have been inferred, to a large extent, from studies
in other species. However, a deficiency of this vitamin (Carroll et al. 1949) was
shown to cause loss of appetite and weight, incoordination of the hind legs, a dilated
and hypertrophic heart, a decline in blood concentration of thiamin and in the
activity of enzymes requiring thiamin as a cofactor. Cymbaluk et al. (1978) made
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Table 44 Normal blood thiamin concentrations (ug/l) in Stand-
ardbred horses (Loew & Bettany 1973).

Stallions 225+0.16
Geldings 3.03+0.13
Mares and fillies 336+ 0.11
Less than 1 year 242 +£0.26
1-4 years 2.81 £0.10
5-10 years 3.53+£0.14
10-20 years 335+£0.17

four Standardbred horses thiamin-deficient by the daily oral administration of
400-800mgamprolium/kg BW (amprolium is a structural analogue of thiamin).
After one to two months, thiamin deficiency signs of bradycardia, ataxia, muscular
fasciculations and periodic hypothermia of extremities, blindness, diarrhoea and
body weight loss were observed, and erythrocyte transketolase activity was
depressed.

Table 4.4 gives normal values for blood thiamin levels. This vitamin has been used
in the treatment of ‘tying-up’, but there is no corroboration that a deficiency
of it is a cause. Grazing animals on heathland infested with bracken fern (Pteridium
aquilinum) can exhibit signs of thiamin deficiency if they take to eating bracken.
Treatment with thiamin is usually effective. About 25% of the free thiamin
synthesized in the caecum is absorbed into the blood and a total dietary level
of 3mg/kg seems to meet the dietary requirement. Whether or not the require-
ment per kilogram of feed rises during periods of hard work has yet to be
demonstrated.

Vitamin B,, (cyanocobalamin)

The cyanocobalamin molecule contains the element cobalt (Co). Cattle and sheep
grazing areas deficient in this element develop vitamin B,, deficiency, as the rumen
microorganisms are then unable to manufacture the vitamin. Co therapy rectifies
the situation. Horses seem to be more resistant to Co deficiency, but undoubtedly
they require Co at a minimum level of about 0.1 mg/kg diet for intestinal synthesis
of the vitamin, as it is assumed, then, to be absorbed in adequate quantities. Synthe-
sis in foals may be inadequate and, in fact, supplemental vitamin B,, has been shown
to increase the blood concentration of the vitamin. It is required for cell replication;
thus, a deficiency may cause anaemia and a reduction in the number of red blood
cells. Macrocytic anaemia is common to both B, and folic acid deficiencies through
a limitation to DNA synthesis.

Although an overt deficiency has not been produced in adult horses, it has been
suggested that a response, including a stimulation to appetite, can be obtained in
some anaemic animals. Adult horses in training on high-grain rations may need
dietary supplementation because a decline in appetite shown by such horses may
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reflect a buildup of blood propionate. This VFA is produced proportionately and
absolutely in much greater quantities when diets of this type are consumed, and its
metabolism to succinate requires methylmalonyl-CoA mutase (EC 5.4.99.2) that has
adenosylcobalamin as a coenzyme. In fact, vitamin B, deficiency causes an eleva-
tion in urine of both methylmalonic acid and homocysteine which distinguishes it
from folic-acid deficiency, where this does not occur. Early-weaned foals should
receive a supplement of 10ug vitamin B,,/kg dietary DM.

Folic acid (pteroylglutamic acid)

Folic acid is a one-carbon donor in nucleic acid and protein synthesis. Natural
folates exist as conjugates of p-aminobenzoic acid (PABA) with mono- or
polyglutamic acid. Both the stability and the availability to the horse of these
compounds undoubtedly vary, but there is a scarcity of evidence relating to equine
nutrition. The synthesis of folic acid by gut bacteria from PABA is blocked by
sulphanilamide, which has a structure similar to PABA and which combines with
the bacterial enzyme required for folic acid synthesis. Thus, enzyme action is inhib-
ited by a substance that combines with it to prevent the formation of a normal
enzyme-substrate complex. A Quarter Horse with suspected equine protozoal
myeloencephalitis (EPM) was treated orally for nine months with sulfadiazine,
pyrimethamine and 19mg folic acid daily (Piercy ef al. 2002). She presented with
dysphagia, glossitis, neurological abnormalities, anaemia, leukopenia, hypoplastic
bone marrow and hypofolic acidaemia. The abnormalities resolved after the oral
administrations were discontinued and replaced by intravenous administration of
folic acid and oral treatment with diclazuril. The folic acid deficiency, induced by
prolonged administration of folic acid inhibitors, was exacerbated by oral adminis-
tration of oxidised folic acid.

The forms of folic acid vary depending on the addition of one-carbon units, the
degree of conjugation by glutamyl groups and the degree to which the molecule is
reduced by dihydrofolate reductase (to di- and tetrahydrofolate). Folic acid in
plants exists in polyglutamated forms and prior to absorption it must be
deconjugated by enzymes located in the brush border. Passive and active absorption
occur, but for active absorption folate must be in a reduced form, the form usually
distinct from that in supplements. The fully oxidised form requires reduction by
dihydrofolate reductase prior to its active absorption. Thus, frequently, folinic acid,
a fully reduced form, is administered. Intestinal folic acid, when in the oxidised
form, decreases absorption of the biologically active methyltetrahydrofolate, be-
cause the former’s affinity for intestinal folate-binding protein is approximately six
times greater than that of the latter. Moreover, the combined effect of oxidised
folate and an inhibitor of dihydrofolate reductase (pyrimethamine) further intensi-
fies the inhibition of reduced folate absorption. (See also ‘Folic acid’, Chapter 12).
This conclusion probably explains the observation of Ordakowski et al. (2002) that
horses treated with anti-folate drugs were refractory to the co-administration of
natural and synthetic folates.
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Folic acid is closely associated with vitamin B, in single-carbon metabolism. In
some domesticated animals, a deficiency causes macrocytic anaemia, through im-
pairment of methionine synthetase (EC 2.1.1.13) function, and so depresses DNA
and RNA synthesis. In folic-acid deficient humans and horses (Ordakowski et al.
2002), elevated concentrations of homocysteine (but not of methylmalonic acid)
occur in blood and urine. Supplementation of stabled TBs receiving an inadequate
diet produces an increase in serum folate concentration from about 4-9ug/l and
where blood haemoglobin is low the level may be raised. Australian work on folic
acid in the horse supports the author’s observations suggesting that there is an
increased utilization of folic acid by horses in hard work. Green forage legumes are
rich sources of the vitamin, but its availability in some sources is low. As horses
required to partake in intensive exercise tend to receive less green forage it is
recommended that they receive a supplementary folic acid source, or green forage
in their diet.

Folic acid supplementation (25mg/day, 5days/week) had no effect on the folic
acid status, or submaximal exercise assessment, of adult horses managed on pasture
and given hay and a commercial concentrate (Ordakowski et al. 2003). Ordakowski
et al. (2001), found 6.5 mg folic acid/kg DM in an April pasture, at foaling, declining
to 2.2mg/kg DM in June. Mean plasma concentration in TB mares, given supple-
ments containing 1.6 or 1.9mg folic acid/kg, was 20.6ng/ml at foaling declining to
17ng/ml at three to six months’ lactation. The mare’s milk contained approximately
ten times the level in their serum, i.e. 218 ng/ml at foaling declining to 147-196 ng/ml
during three to six months of lactation (foal serum levels varied with their dam’s
status). A daily supplement of 2-3 mg folic acid for weaned foals and working horses
is appropriate.

Biotin

Biotin is the only water-soluble vitamin to have brought about clinically observable
responses with normal diets in otherwise healthy horses. This may have occurred
because the biotin contained in wheat, barley and milo (sorghum) grains and in rice
bran is almost completely unavailable for utilization. That contained in oats is only
slightly more digestible. However, all the biotin in maize, yeast and soyabean is
accessible, together with most of that in grass and clover foliage.

Hoof wall disease is common in horses. Slater & Hood (1997) reported that 28%
of the horses in their Texas survey had some type of hoof wall problem, largely with
an undetermined predisposing cause. Nevertheless, many cases of weak, misshapen,
cracked and crumbly hooves, that tend to separate from the sole, have responded to
dietary supplementation with biotin. A greater response, as measured by horn
hardness, tensile strength and possibly growth rate, has been evoked with 15mg/
horse daily than with 7.5mg (Buffa e al. 1992) (Plate 4.1a and b). Hoof horn and
capsule growth rates were also increased over a period of five months when a
high-fibre pony cube, containing 100ugbiotin/kg, was supplemented with
8mgbiotin/kg feed (0.12mg/kg BW daily) (Reilly ez al. 1999). These supplementary
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(ii) ; 5A

Plate 4.1a  Off-forehooves of 8-year-old Irish chestnut gelding, before (i) and after (ii) receiving 15mg
synthetic biotin/day orally for 13 months.

amounts are considerably larger than should normally be adequate as a daily main-
tenance dose.

It is also essential that the hooves are properly shaped and trimmed. Long,
unpared hooves exert excessive pressure on the heels and this restricts blood flow
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®

o (i)

Plate 4.1b A 5-year-old TB gelding hack, before (i) and after (ii) receiving 15mg synthetic biotin/day
orally for 5 months. (Photographs 4.1(a) and (b) by kind permission of Norman Comben, Mrcvs; Comben
et al. 1984.)

and hence impedes adequate nutrition of the foot, leading to poor quality and
crumbly, unsatisfactory growth of walls, sole and frog. The hoof wall grows linearly
from the coronary band at the rate of 8-10mm/month, so that 9-12 months are
required for the wall of the toe to grow from the proximal to the distal border
(Pollitt 1990) (the sole and the frog are replaced every two months) and at least 10—
12 months are required before a maintenance dose of about 2-5mg supplementary
biotin/horse daily may be allowed.
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Comprehensive evidence indicates that a dose level of 20mg/day may be required
by large horses, and this for up to three years, for the maximum benefit to be
wrought (Josseck et al. 1995; Zenker et al. 1995). In Josseck et al. (1995) plasma
biotin concentration in untreated horses was 350ng/l and in treated horses
1000ng/l. Kempson (1987) reported that biotin did not overcome a second hoof
defect of poor attachment of horn keratin squames. Supplementary limestone (7.5 g/
day) with biotin improved this defect. Nevertheless, it is possible that this additional
response resulted from the more extended use of the biotin. Yet many diets are
deficient in Ca, a deficiency that should be rectified.

Horn is primarily composed of protein, rich in sulphur-amino acids, and many
proprietary supplements contain methionine, or methyl sulphonyl methane, as a
source of biologically available sulphur (see ‘Dietary vitamin and mineral supple-
ments, Chapter 5), in addition to biotin, which may be an asset where a low-protein
diet is given. Kempson (1987) also noted infection of the keratin squames by
Bacteroides nodosus responsive to metronidazole, although these organisms prob-
ably represent secondary invaders.

Riboflavin, niacin, pantothenic acid, pyridoxine and lipoic acid

Each of the vitamins riboflavin, niacin, pantothenic acid, pyridoxine and lipoic acid
has metabolic functions in the horse; however, no evidence of a dietary deficiency
has been established, owing presumably to adequate biosynthesis, e.g. intestinal
synthesis by the gut flora. Animals are capable of lipoic acid biosynthesis. Whether
supplementation may be of benefit in special circumstances, e.g. ill-health or ex-
treme exertion, has not been established. Thiamin, niacin, riboflavin and lipoic acid
are intimately involved in energy metabolism.

Thiamin, as thiamin pyrophosphate (TPP), niacin, as nicotinamide adenine dinu-
cleotide (NAD"), riboflavin, as flavoproteins, and lipoic acid all function in the
tricarboxylic acid (TCA) cycle for the aerobic combustion of acetate to CO, and
water with the production of energy, eventually provided to muscle cells as high-
energy phosphate in ATP. Pantothenic acid functions as a carrier of acyl groups in
the form of CoA, which makes high-energy thioester bonds with carboxylic acids,
the most important of which is acetic acid. Acetic acid is formed from the metabolic
catabolism of both fats and carbohydrates. Acetyl groups from these sources have to
be in the form of acetyl-CoA to be further metabolized in fat synthesis, or for energy
production in the TCA cycle.

In carbohydrate metabolism, acetate is derived from pyruvate. Pyruvate requires
TPP, or cocarboxylase, the active form of thiamin, for the cleavage of pyruvate (an
o-ketoacid), otherwise the formation of lactic acid from pyruvate will be acceler-
ated. In intense exercise, the build-up of lactic acid is a component of fatigue. It is
possible therefore that supplementary pantothenic acid and thiamin may promote
the aerobic metabolism of pyruvate to acetyl-CoA, reducing lactate production,
although there is no evidence that this would occur in horses given normal feeds.
A.L. Parker (personal communication) in Kentucky showed that neither acute
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(4.5 g/horse), nor chronic (3.0g/day, equivalent to 5.7mg/kg BW daily), oral dosing
with large amounts of niacin had any influence on various parameters of exercise
tolerance.

Vitamin B,; (pangamic acid)

Pangamic acid (vitamin B,;) is a term that has been used indiscriminately to describe
several products. It is not a definable entity and no substantive data appear to have
ever been presented to support claims of beneficial biological effects.

Vitamin C (ascorbic acid)

Ascorbic acid is synthesized from glucose in equine tissues. Dietary sources are very
poorly absorbed, and in fact Loscher et al. (1984) concluded that where supplemen-
tation may be required after surgery and trauma, an i.v. dose of 10g ascorbic acid
was needed to raise the blood concentration. It has been employed by injection in
post-traumatic wound infections, epistaxis, strangles and acute rhinopneumonia. Its
acidic nature leads to local irritation following subcutaneous and intramuscular
administration and so it is administered by i.v. injection for removal of renal calculi.
Snow et al. (1987) reported that single oral doses of 20g had no effect on plasma
concentration, whereas daily administration of either 4.5 or 20g ascorbic acid re-
sulted in an increased plasma level after five to ten days. No benefit has been
demonstrated from such administration to healthy horses.

WATER REQUIREMENTS AND FLUID LOSSES

Water constitutes some 65-75% of the body weight of an adult horse and 75-80%
of a foal’s. Water is vital to the life of the animal. The horse also needs to take in
water with its food to act as a fluid medium for digestion and for propulsion of the
digesta through the GI tract, for the useful products — milk and growth, and to make
good losses through the lungs, skin and in the faeces and urine. In healthy adult
horses undertaking light work one estimate showed that the losses of water were
distributed such that 18% occurred in the urine, 51% occurred in the faeces and the
remaining 31% represented insensible losses (Tasker 1967). Restricted water intake
will depress appetite and reduce feed intake.

Equids differ in their ability to conserve body water and to withstand dehydra-
tion. Asses from the dry tropics can thwart extreme dehydration because they
can conserve water more efficiently than horses. A rise in environmental tempera-
ture from 15 to 20°C increases the water requirement of horses by 15-20%. Work,
depending on its severity, will raise requirements by 20-300% above the needs for
maintenance through increased losses from the lungs and skin. For obvious reasons,
peak lactation can lead to requirements twice those of maintenance (Table 7.5,
p. 256).
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The horse obtains water for its metabolic needs from three sources — the con-
sumption of fresh water, the water content of natural herbage and other foods and
from metabolic water. Fresh, young, growing herbage may contain 75-80% water,
so that under many circumstances additional fresh water may not be required, but
a source should always be provided. In arid conditions herbage is very different, and
horses will seek and consume poisonous shrubs and succulent plants unless water
and feed are provided.

Metabolic water is that produced during the degradation of carbohydrates, fats
and proteins in cellular respiration, e.g.:

CH,0,+ 6 O,— 6 CO, + 6 H,O for carbohydrate
Cs,H,(,04+ 80 O, — 57 CO, + 52 H,O for typical fat
2 C;H,O,N + 6 O,— (NH,),CO* + 5 CO, + 5 H,O for the amino acid alanine

where * indicates urea. Thus, per 100g glucose, average fat or average amino acid
metabolized, there are, respectively, 60, 106 or 101 g water produced. Per kilogram
of feed ingested, it amounts to the equivalent of 350-400 g water, depending on the
feed’s digestibility. Nevertheless, in circumstances of choice, the water intake of
horses is highly correlated with intake of DM and amounts to between 2—-41/kg DM
in stabled horses worked moderately.

Water requirements
Maintenance

For the maintenance of adult horses in an equable environment, the total water
requirement is probably less than 21/kg DM intake (about 51/100kg BW).

Working horses

Strenuous effort in hot climates increases the water requirement to as much as 5-61/
kg DM intake (12-151/100kg BW) when there is an inevitable loss of relatively large
amounts of sodium and potassium chloride in sweat. Excessive dehydration can be
fatal. Certain breeds of horse and other species of Equus (e.g. E. asinus) (Maloiy
1970) can sustain extensive water loss without apparent discomfort, but horses of
temperate breeds may succumb to water losses that amount to 12-15% of their body
weight (Hinton 1978; Brobst & Bayly 1982). The estimates of the Hanover group
(Meyer 1990) indicate that a 500kg horse, trotting at 3.5m/s, in an ambient tempera-
ture of 27°C would require a minimum of 10-121 water/hour to replace inevitable
losses. Water repletion should be accompanied by balanced electrolytes, although
electrolytes may often have to be given first in order to induce drinking when
isotonic or hypotonic dehydration has occurred. Where the horse is fit, it should be
walked or allowed to graze so that it cools down gradually over an hour before being
given substantial amounts of water. Excessive consumption of cold water by hot
horses can precipitate colic or founder. During very cold weather, warm water at a
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temperature of 7-18°C should be provided and will be taken more readily than will
very cold water. Decreased consumption of water may contribute to the incidence of
impaction colic and of depressed performance in racehorses.

The GI tract contains 300 mg Na, 150 mg Cl and 220 mg K per kg BW, or 15-20%
of total body Na, 17% of total Cl and 10% of the total K. The GI tract K content is,
nevertheless, correlated with intake and the content of all three is related to the GI
water content (Meyer 1996). This content is aided by the dietary consumption of
soluble fibre, so providing a source of electrolytes and water for extended work (see
‘Endurance riding’, Chapter 9).

Foals and weaned horses

A high-yielding 500 kg mare may produce 12kg water daily in her milk (see Table
7.5 for water requirements in the stud). However, a foal has a greater requirement
than an adult in proportion to its size because it is less able to concentrate urine. A
frequent cause of death in neonatal foals is rapid dehydration through persistent
diarrhoea, which requires treatment with a physiological salt solution (see Chapter
11). The fluid intake of foals suckling grazing mares was measured (Martin et al.
1992) in Queensland, where the maximum ambient temperature averaged 30°C and
the relative humidity (RH) averaged 70%. The results are given in Table 4.5.

Weaned horses satisfy their water needs by relatively brief periods of drinking,
even when meal-fed. Sufit et al. (1985) found that ponies drank for 27min daily,
much of which was periprandial.

Water quality

Where it is feasible, water should be provided from the mains. If mains water is
unavailable, then well water, or watercourses, must be free from pollution by
sewage or fertilizer seepage. Ideally a new source should be first assessed by a
competent analyst. Potentially dangerous microbiological contamination can occur.
For instance, the urinary excretion of leptospira by rodents can pollute water, and
river and sewage flooding can cause abortion in mares and death of foals. Potomac
horse fever is a febrile gastrointestinal disorder of horses caused by Ehrlichia risticii.
It occurs in North America and Europe between late spring and early autumn in
temperate areas and is associated with depression, anorexia, lethargy, fever, mild

Table 4.5 Daily fluid intake per foal (Martin er al. 1992).

Age Milk Water Total fluid Milk consumed

(days) intake intake intake (kg/kg BWgain)
(ke) (ke) (g/kg BW)

11-18 16.9 nil 246 12.8

30-44 — 3.9 202 15.7

60-74 18.1 5.5 172 16.4
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colic, watery diarrhoea, dehydration, oedema and leukopenia. It is maintained in
a complex aquatic ecosystem from which transmission to horses occurs by ingestion
of insects. Madigan et al. (2000) demonstrated its transmission by the ingestion of
mature caddis flies from polluted water in northern California.

River water is normally safer than pond water. Nevertheless, in addition to risks
incurred from any pollution derived upstream, a decreased rate of flow in summer
droughts encourages the growth and accumulation of plant life. Whereas this may
assist oxygenation of water, blue—green algae cyanophyceae (Myxophyceae) can
proliferate and can be held in position by other plant life. The species that has
received most attention is Anacystis cyanea (Clarke & Clarke 1975), the consump-
tion of which by horses can cause liver damage, icterus and photosensitization or
death. Microcystin, a cyclic decapeptide and an alkaloid hepatotoxin are said to be
the toxic agents in this species. There are several other species of algae that contain
a variety of toxins, and avoidance of water sources that may contain these species is
to be recommended.

Water losses and deprivation
Renal losses

The nonexercised horse disposes of most excess water by excretion through the
kidneys. This water is the vehicle for the excretion of excess salts of sodium and
potassium, and much of the breakdown products of nitrogen metabolism. Whereas
calcium salts may, in part, be excreted in a solid form there is a limit to which the
horse can concentrate urea and the highly soluble salts of sodium and potassium.
Thus, where diets are rich in salt, or in protein, more dietary water will be required.
Based on evidence from other species, an increase in total dietary salt from 7.5 to
30g/kg would be expected to increase the ratio of free-choice water to DM in the
diet from 2:1 to 3.5:1, other things being equal.

Meyer (1990) reported that 73-89% of total water intake was lost by renal
excretion in horses given concentrates, whereas <60% was lost by this route in
horses given hay. Water restriction decreases renal losses, but does not affect sweat
losses in normal horses. Where water restriction persists, then a considerable stress
is induced in exercised horses, with an increase in plasma protein and urea concen-
trations and increased breathing frequency during exercise. Urinary urea at rest,
according to the data from Hanover (Meyer 1990), was 6-8g/l at rest, but the
amount increased to 15-50¢/1 after exercise, reflecting the solubility of urea and the
relative lack of effect on water conservation in some horses. The highest of the urea
values occurred with high protein diets and extended water deprivation.

Sweat

Horses lose a large amount of fluid as sweat during exercise. The amount increases
greatly with a rise in environmental temperature. Meyer (1990) recorded losses of
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Table 4.6 Composition of sweat following 2 hours of exercise (after
Meyer 1990).

g/l mg/l

Na 2.77 Ca 123

K 1.42 Mg 52

Cl 5.33 Zn 11.4
Fe 43
Cu 0.27
Mn 0.16
Se 2-5 ng/l

Table 4.7 Net water lost per unit volume (m®) of exhaled air and
water lost in exhaled air per hour.

Water lost during Expired water lost
expiration (g/h/horse)
(g/m’)

Resting 38.3 172.5

Trotting 3.5m/s 44.2 1356.0

11/100kg BW/hour at 18-20°C, but for each degree increase in environmental tem-
perature (range 15-27°C) sweat production increased by 3%. In contrast to fluid
losses from the lungs, sweat contains significant amounts of electrolytes and small
amounts of trace elements (Table 4.6). During the 2 hours of exercise (Table 4.6) the
losses in sweat were calculated to be:

mg/kg BW
Na 28-69
K 17-30
Cl 56-118

Thus, during this exercise, a 500 kg horse could lose 50-90 g sodum chloride in sweat
alone.

Evaporative losses from the lungs

The evaporation of sweat, or of water from the lung surface, absorbs heat and so
cools the horse (the isothermal evaporation of 1kg insensible water absorbs
2256kJ). The water loss from the surface of the lungs increases greatly during
exercise, owing to an increase in body temperature of the horse and an increase in
both respiratory frequency and tidal volume. Heat loss through the lungs at 20°C
and 60% relative humidity (RH) was calculated to be 289kJ/hour at rest and
3059kJ/hour while trotting (Table 4.7).



Water requirements and fluid losses 113

Table 4.7 indicates that an increase in body temperature during exercise increases
the moisture content of exhaled air by 15%, but this, together with the increased
respiratory volume during exercise, increases the expiratory water loss nearly eight-
fold. Water losses of exercising horses, in sweat and from the lungs, cannot be
reduced during water deprivation if body temperature is to be contained within
physiological limits, whereas urinary losses are decreased.

Determining water deprivation and response to thirst

Apart from various clinical signs of fluid loss, including skin turgor, the PCV of
blood is not a guide to dehydration and water deprivation. The shrinkage of red cells
and the changes in the release of red cells from the spleen during dehydration and
exercise make this an unreliable guide. Total plasma protein, however, may increase
by 10-12g/1 (say, from 62 to 73 g/l) with a fluid loss causing a 12-15% decrease in
body weight. Changes in plasma and urine electrolytes and urea depend on several
associated factors. In one study (Brobst & Bayly 1982), fluid losses of this extent
resulting from dehydration of TB geldings increased the concentration of serum and
urinary urea by 68 and 130%, respectively. The specific gravity of urine reached at
least 1.042 and urine osmolality increased 30% to 1310 mOsm/kg when the osmola-
lity ratio urine: serum increased to 4.14:1.00. Voluntary drinking has been found to
start in ponies when plasma osmolality (mOsm per litre) increased by 3% from
normal. Drinking is also stimulated by inducing the formation of urine with a
consequential decrease in plasma volume, measured as an increase in plasma pro-
tein concentration (Sufit et al. 1985).

Nyman et al. (2002) compared water intakes of dehydrated, normal and
hyperhydrated Standardbred horses following exercise. With both osmotic and
hypovolaemic thirst stimulus the two former groups rehydrated more rapidly post
exercise than did horses that were hyperhydrated before exercise. The loss of
plasma volume was slightly less in hyperhydrated than in normal horses. Plasma
aldosterone concentration increased to the same extent after 10min exercise, irre-
spective of hydration status; but in one test to a significantly greater extent in the
hyperhydrated group. The differences amongst horses in their inclination to drink
when dehydrated is likely to have both physiological and psychological explana-
tions. Schott et al. (2003) demonstrated three distinct groups amongst 18 untrained
two-year-old Arabians in the amount of fluid taken in during and after a 60km
treadmill exercise. ‘“You can take a horse to water...".

The effect of fluid intake before exercise on performance will depend on many
factors including the amount consumed, its solute content, length and intensity of
exercise and ambient temperature (see also Chapters 9 and 11). Finally it should be
noted that horses travelling to a competition may frequently arrive in a dehydrated
state.
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Table 4.8 Mean fluid contents of the GI tract in ponies given 18g
DM/kg BW as hay or as concentrated feed (after Meyer 1990).

Hay Concentrates

3.5 hours postfeeding
DM (g/kg BW) 19.4 183
Water (ml/kg BW) 183 101
Na (mg/kg BW) 398 226
K (mg/kg BW) 289 220
After 1 hour treadmill
exercise at 3.5 hours postfeeding
Reduction in water

content (ml/kg BW) 20 8
Reduction in Na

content (mg/kg BW) 291 No significant change

Water reserves

Voluntary water intake is greater in horses fed hay than in those given concentrates,
and the water content of the GI tract is considerably greater in those given a hay diet
than in those given a concentrate mix only. Consequently the GI tract following hay
feeding can act to some extent as a reservoir of water and sodium for metabolic
needs (Table 4.8).

Sodium chloride dosing is harmful in states of water deprivation, but it will
increase voluntary water intake prior to endurance work, increasing water reten-
tion. Maximum retention occurred at the 3rd—4th hour after providing salt in a feed
(Meyer 1990) and so this may be the optimum time after a small meal for extended
exercise during hot weather (see also ‘Long-distance work’, Chapter 9).

STUDY QUESTIONS

(1) Are there any circumstances in which you might expect a useful response of
horses to a fat-soluble vitamin preparation? If there are, describe the circum-
stances and give reasons why these might exist?

(2) What factors should be considered in deciding on the adequacy of a water
source for horses?
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Chapter 5
Ingredients of Horse Feeds

Some parts of the kingdom produce no grain so much as oats which probably may be the
reason why they have come to be used as our chief provender.
W. Gibson 1726

Some of the main chemical characteristics of the ingredients of horse feeds are given
in Appendix C. Ingredients should be selected not only to provide the nutrients
required, but also to be uniform in quality, to avoid harmful contaminants and dust
and to balance dense energy-rich feeds with more bulky feeds. The rate of consump-
tion of DE should not be excessive and the stomach contents should retain an ‘open’
physical texture.

ROUGHAGE

Loose hay

Grasses and forage legumes are cut for hay. Most common species of grass are
suitable, but probably the more popular and productive ones include rye grasses
(Lolium), fescues (Festuca), timothy (Phleum pratense) and cocksfoot (Dactylis
glomerata). Many species found in permanent pastures, for example meadow
grasses (Poa), bromes (Bromus), bent grass (Agrostis) and foxtails (Alopecurus),
are also quite satisfactory. Among legumes, red, white, alsike and crimson clovers
and trefoils (7rifolium), lucerne (Medicago) and sometimes sainfoin (Onobrychis)
are used. Although the crude-fibre content of crimson clover (Trifolium
incarnatum) hay may be similar to that of other clovers, the fibre tends to be less
easily digested by the horse (forage legume fibre generally is more lignified than that
of grass). For serving as horse hay or haylage crops, two reliable seed mixtures are:

(1) three perennial rye grass strains — Melle Skg/ha, tetraploid Meltra 15kg/ha,
hybrid tetraploid Augusta 13kg/ha — or as a two-year crop;

(2) tetraploid broad red clover — Hungaropoly 7kg/ha — and tetraploid Italian rye
grasses — Wilo 15kg/ha, Whisper 10kg/ha.

The leaves of forage legumes and grasses are much richer in nutrients than are the
stems, as stems contain about two-thirds of the energy and about half of the protein
and other nutrients found in the aerial parts. The leaves of legumes tend to shatter
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more readily than grass leaves so that care is necessary at haymaking to conserve the
nutritional quality of legume hay. Even so, at the same stage of maturity, legume hay
contains more DE, calcium, protein, 3-carotene and some of the B vitamins, includ-
ing folic acid, than does grass hay. Horses consuming hay composed predominantly
of forage legume tend to produce more urine with a strong ammonia smell and
containing deposits of calcium salts. These events are normal physiological re-
sponses in healthy animals.

As long as hay is composed of safe, nontoxic, nutritious plants, the stage of
maturity of the crop at the time of cutting and the weather conditions and care to
which the haymaking is subject are much more important characteristics than the
species of plant present. However, in recent years the digestibility and feeding value
of hay made from various grass species have been determined at similar stages of
maturity. The digestibility of Matua prairie grass (Bromus unioloides) hay, a cool
season brome grass, was shown to be higher than that of coastal Bermuda grass
(Cynodon dactylon L) (Sturgeon et al. 1999). Matua brome grass (B. willdenowii
Kunth) hays, 11.5% and 15.1% CP, were consumed in similar quantities respectively
to alfalfa hays of 15.4% and 20.4% CP by breeding mares and the two species led to
a similar reproductive performance (Ball ef al. 1999; Guay et al. 2002). As would be
expected, Matua grass hay containing 17% CP, 54% NDF, 5.5% lignin has a higher
dry matter digestibility than Matua hay of 9% CP, 67% NDF and 9.5% lignin (Box
et al. 2001). Coastal Bermuda grass (Cynodon dactylon L) hay is consumed in
greater quantities and produces greater growth rates than hays of either Florakirk
or Tifton 85 Bermuda grass, or those of Florona star grass (Lieb & Mislevy 2001).

LaCasha et al. (1999) found that voluntary intake and organic matter (OM)
digestibility were both greater for the alfalfa (Medicago sativa L) hay than for the
grass hays: Matua brome grass (Bromus willdenowii Kunth. cv. Grasslands Matua)
and coastal Bermuda grass (Cynodon dactylon), and the intake of the Bermuda
grass hay was poorer than that of Matua. The authors concluded that the Matua
grass hay should meet the digestible protein and mineral requirements of yearling
Quarter Horses. Three other subtropical perennial grass hays: Tifton 85 Bermuda
grass, Florakirk Bermuda grass (Cynodon spp) and Florona star grass possessed as
good, or better, nutrient contents and digestibility cf. coastal Bermuda grass (Lieb &
Mislevy 2003).

The voluntary consumption (and digestibility) of warm- and cool-season grass
hays as a sole feed varies from 19-29 g/lkg BW and is negatively correlated with their
NDF content:

y = 124.55 + 0.0155x* — 2.5742x (R* = 0.67) (Lawrence et al. 2001)
y =90.95 - 0.98x (R* = 0.68) (Reinowski and Coleman 2003)
where x = %NDF in DM and y = g.kg BW'd"™".

The voluntary intake of three warm-season perennial grass hays decreased in the
order: big bluestem (Andropogon gerardii), Indiangrass (Sorghastrum nutans) and
eastern gammagrass (Tripsacum dactyloides), (NDF contents 700-740g/kg DM),
but timothy hay (613g NDF/kg DM) was preferred to all warm-season hays
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(Reinowski & Coleman 2003; Reinowski et al. 2003). Hay consumption extends
eating time and so is beneficial to otherwise idle horses. Those given only timothy
hay can spend 6.7-9.3 hours/day eating with a DM intake of 1.5% BW/day (Shingu
et al. 2001).

As pasture herbage matures, the yield of DM per hectare increases, the moisture
content of the crop decreases and, in the UK, the weather becomes warmer. At
Jealott’s Hill Research Station, Bracknell, Berkshire (ICI Ltd) (owned and oper-
ated as a research station by Zeneca CTL, Macclesfield, Cheshire), many years ago,
the average yield of DM from early hay crops was only 57% of that cut at a later
date. Even when the aftermath was included, the total yield of the early hay
amounted to only 71% of that produced by later cutting. Thus, there is a consider-
able commercial incentive to produce hay composed of grasses at the late-flowering
stage. Nevertheless, where hay of good nutritional quality is required for horses,
mixtures of grass and clover should be cut before the grass is in full flower when the
protein content of the crop lies between 9 and 10% DM and the crop contains high
concentrations of calcium, phosphorus and other minerals. Hard, mature grass hays,
however, frequently contain 3.5-6% crude protein, lower concentrations of miner-
als and more crude fibre (Plate 5.1). Hyslop et al. (1998a) found that mature pony
geldings given ad libitum access to mature threshed grass hay (933 g organic matter,
49 g crude protein, 796 g NDF and 6.25MJ DE/kg DM) were able to exceed by 43%
their predicted energy maintenance requirement, whereas the DCP intake was 40%
lower than the predicted protein requirement. Many samples of mature grass hay, in
my experience, have been similar to this one, requiring a protein supplement for
most efficient use, in particular because much of the protein absorbed is inorganic N
in the hind-gut.

Using equine faecal flora, Hussein et al. (2001) found that dry matter and organic
matter digestibilities in vitro were lower for perennial rye grass (L. perenne), than
for brome grass (Bromus inermis), orchard grass (Dactylis glomerata), or tall fescue
(Festuca arundinacea) at various stages of maturity. Thus, much further work is
required to determine appropriate grass species mixtures for desirable equine pas-
tures and hay, as many features should be assessed.

Good-quality hay from pure stands of lucerne or sainfoin is difficult to make when
natural drying is relied on because moisture loss from the thick juicy stems is
relatively slow and mechanical turning and tedding can result in a considerable loss
of leaf, which dries sooner and shatters more readily. For the best product, these
legumes should be cut before flowering at the bud stage, because after first flowering
the crude protein content declines at a rate of some 0.5% daily and the digestible
energy declines by some 0.75% daily.

Horses should never be given mouldy hay, so the making of satisfactory leafy hays
during inclement weather presents a considerable problem, in the absence of a
facility for artificial drying. Best-quality hay should be leafy and green, but free from
mould dust, weeds and pockets of excess weathering. When ley mixtures are grown
for hay, the first cut may contain more weeds, the second cut is generally produced
from a faster growth and contains more stem, but the third cut may have the highest
nutrient content and leaf, giving a small yield per hectare.



Plate 5.1 Hay samples of
various types. (a) Hard
‘seeds’ hay cut when the
grass has formed seed
heads. The material is
clean, low in dust but of
low nutritional value.

(b) Lucerne (alfalfa) hay,
which is similarly stemmy
and has been sun dried;
bleaching destroys its
vitamin A potency but it
adds some vitamin D
potency. Poor harvesting
has led to the loss of most
of the leaf, so depriving
the hay of its most
digestible component.

Haylage

Roughage
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(See also Chapter 10, particularly for grass species and safety aspects.) Haylage
(grass cut between early silage and hay stages and normally containing, after
preservation, 40-65% DM) is being used increasingly, in place of hay, for feeding
horses. However, the production of haylage for home consumption can be justified

only if:
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Plate 5.1 (cont.) (c)
Good-quality lucerne hay,
which may have been
barn-dried. This is ‘rich’
material and care should
be exercised to avoid loss
of leaf during feeding
(note the leaf particles at
the base of the sample).
Artificial drying deprives
the hay of vitamin D
potency.

(d) Meadow hay contain-
ing a proportion of
timothy (Phleum
pratense). This sample is
of reasonable quality and
is free from significant
moulding.

e there is a sufficient number of horses available to make use of the minimum
quantity that could be produced in an efficient manner, and a number that could
use an opened bale within a couple of days;

e there is adequate grassland, that has not been grazed that year by horses, and
that can be set aside and fertilized; and

e there is manpower with the appropriate knowledge, equipment and space
available for making, checking and storing the product.
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The most successful producers and users of haylage seem to find that a product
very high in DM content is the most successful, and acceptable to more of the horses
in a stable. At the Yorkshire Riding Centre, in England, meadow grass is cut from
mid-June, when the grass is commencing to flower, about two weeks before a hay
crop would be taken. The cut material is allowed to wilt in the field for a day and is
then square-baled (Plate 5.2) a day before it would be ready as hay, yielding a
product with 45-68% DM and 90-120g crude protein/kg DM. Square bales are
preferred as ‘round’ bales are more inclined to mould in the centre, where there may
be an empty space. It is important to avoid puncturing the plastic bale cover, as
moulding will occur at that point. Yet it is normally safe to pull away and discard
only the portion that is mouldy, as the mycelium of most moulds is benign and does
not penetrate well-compressed bales (Plate 5.2). If there is secondary fermentation,
occasioned by excessive heating in the centre, then the whole bale should be dis-
carded. A well-made and packed bale may be left open for up to four days during
cool weather, although for a lesser time in hot weather, before the residue should be
discarded.

By weight, at 50-60% DM content, haylage is equivalent in energy value to the
same weight of typical grass hay. At the Yorkshire Riding Centre 0.405ha (1 acre)
provides a year’s supply of haylage for one horse. About 375 bales meet the require-
ments of 40 horses for a year, except for one or two that will not eat haylage. The
droppings of most horses are looser when they are introduced to haylage, an effect
similar to that which occurs when horses are put out to grass, yet no colic should be
present. So horses ‘coming off” grass adapt more easily to a regime that includes
haylage. One bale daily is sufficient for about 35 horses in winter, when the horses
receive a ration from it on the floor, two or three times during that day (5.5-7.5kg
for smaller horses and up to 12kg for larger horses daily). This rationing scheme
seems to keep the horses in a mental state that is suitable for novice riders. During
the summer, when the horses are generally more active, more concentrates are
given so that the haylage allowance is reduced by 20-25% and the horses are run on
grass at night (Table 5.1). Moreover, competition horses receive less than other
horses, in order to avoid an excessively large ‘belly’.

Table 5.1 Daily rations for horses using grass haylage of 50-60% DM.

Haylage (kg/day) Concentrates (kg/day)
Event horses 7-1.5 5-6
Riding horses for novices
1.68-1.73 m (16.2-17 hands) — summer 7-7.5 1.5-2.5
— winter 11-12 0-1
1.57-1.68 m (15.2-16.2 hands) — summer 5-6 1-1.5
— winter 7-1.5 0-0.5
1.42-1.57m (14-15.2 hands) — summer 5-6 0.5-1

— winter 6.5-7 0-0.5
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Plate 5.2 Haylage. (a) A
stack of plastic-wrapped
bales: square bales are
less inclined to mould in
the centre than round
bales; (b) surface mould
on a bale, adjacent to a
puncture; (c) a cut section
of the bale, showing that
mould penetration of the
compressed haylage is
slight.

(®)
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Table 5.2 A comparison of grass hay (H), haylage (HY), big-bale silage (BB) and clamp silage (CS)
in mature Welsh-cross pony geldings. Feeds were offered at the rate of 1.65kg DM/100kg BW daily
(g/kg DM unless otherwise stated) (Moore-Colyer & Longland 2000).

H HY BB CS
DM (g/kg) 922 676 500 337
Organic matter 946 934 937 916
Crude protein 44 70 111 154
Starch 90 50 40 33
GE (MJ/kg) 17.4 17.5 17.8 18.6
Ca 31 5.8 4.7 5.5
P 13 2.0 37 33
Mg 1.4 1.8 24 2.6
Total NSP 408 293 405 353
DM intake (g/kg LW/day) 14.7 18.4 17.3 9.17
DE (MJ/kg DM) 5.75 9.09 9.83 11.98
DE intake (MJ/kg LW/day) 0.091 0.167 0.170 0.109
DCP (g/kg DM) 6 34 74 104

Table 5.3 Composition, intakes and apparent digestibility coefficients of hay, big-bale grass silage and
big-bale red clover silage offered ad libitum to ponies (Hale & Moore-Colyer 2001).

Hay Grass silage Red clover silage

Dry matter (g/kg) 852 371 268

Organic matter (g/kg DM) 919 916 866
Water-soluble carbohydrate (g/kg DM) 103 110 8.9

Crude protein (g/kg) 74 104 193

Dry matter intake (kg/day) 5.5 6.1 7.2

Dry matter digestibility 0.36 0.69 0.74

Crude protein digestibility 0.29 0.68 0.80

The intake and apparent digestibility values for haylage, grass hay, big-bale grass
and legume silages and clamp silage have been compared using ponies. The DM
intake of clamp silage was the lowest, a response that may have been related to its
low pH and the DM intake of hay was lower than that for big-bale silages. The
digestibility of hay and haylage was lower than for clamp silage and big-bale silage.
All feeds but hay, met the daily DE and digestible crude protein requirements
(Moore-Colyer & Longland 2000; Hale & Moore-Colyer 2001; Tables 5.2 and 5.3).
Subsequent work by this group (Moore-Colyer et al. 2003) showed that big-bale
grass silage was readily accepted and was more digestible (DM, OM, CP, ADF and
NDF) than grass hay derived from the same source, although it produced faeces
with a lower DM content and higher pH (Coenen et al. 2003¢). The comparable DM
digestibilities were 67% and 49%

As much of the feeding value of forages is derived from absorption of nutrients
from the large intestine, the amino-acid value of forages is low compared with that
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of concentrate feeds. The true protein and lysine values of high quality alfalfa cubes
are only 60% of the comparable values for a concentrate mixture (Coleman et al.
2001).

‘PROCESSED’ FEEDS

Pelleting aids

Common pelleting aids include molasses, lignosulphonite and clay pellet binders
(bentonite, hydrated aluminium silicate, principally montmorillonite). Sodium ben-
tonite is also used in feeds as a ruminal fluid buffer and calcium bentonite has been
demonstrated to decrease some of the adverse effects of dietary aflatoxin in pigs.
Clays have a large surface area and this characteristic, combined with their buffering
capacity, is the reason bentonite is included in products to counter laminitis and gas
colics of horses (see Chapter 11). It has been considered that clay may inhibit
nutrient absorption, but the author’s own studies show it does not interfere with
vitamin A absorption from a retinyl palmitate source.

Pellets and wafers

Straw, chemically processed with sodium hydroxide or ammonia, will be discussed
later in this chapter (see Sodium-hydroxide-treated straw). Hay is also occasionally
processed; it may be ground and pelleted or chopped and wafered. During pelleting,
molasses and a binding agent are normally added to achieve a satisfactory product.
Despite the additional costs of processing, pellets possess a number of advantages:

e The product is easier to weigh and ration.

e There is less waste during feeding and, particularly with leafy legume or grass
material, the sifting out of small particles of leaf and their loss in bedding is
avoided. This occurs regularly when leafy long hay is consumed.

e Less storage space is required than for long hay.

e Transport costs are lower.

e Horses particularly prone to respiratory allergies (heaves and broken wind) are
less subject to dust irritation when given pelleted hay. Coughing is reduced in
normal horses and bleeders are less prone to episodes of epistaxis.

e Older horses with poor teeth are inclined to masticate long hay incompletely, so
occasionally precipitating colic through impaction. The introduction of pelleted
hay should overcome this risk.

e Hay belly may be reduced.

Pellets do, however, have some disadvantages, the principal ones being:

e Incorrectly pelleted material, or good pellets that are allowed to become wet,
may be crumbly and soft so that fines are lost, and wet pellets mould within 18—
24 hours.
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e [t is difficult to assess the quality of pelleted hay visually.

e Horses may choke on pellets of about 12mm (0.5in) diameter. The problem is
said to be more common when pellets are fed from the hand, but might be
avoided by placing a large spherical rock (too large to be chewed) in the manger,
forcing the horse to eat around it. The scale of this problem is probably ex-
aggerated and episodes of apparent choking are normally overcome without
intervention.

e Wood chewing and coprophagy (faeces eating) are more prevalent where
pelleted hay is given without any long hay. The provision of 0.25-0.5kg long
hay/100kg BW daily, or good-quality straw bedding, is normally sufficient to
minimize these problems. Their incidence seems to be less, but is not eliminated,
when wafered hay containing hay particles 4-5cm (1.5-2in) long is used. There
is evidence to suggest a relationship between the caecal environment and the
incidence of wood chewing in horses given hay or grain. A diet of all hay induces
a higher proportion of acetate in the VFA of the caecal fluid (see Table 1.4,
p. 17). It has been thought that a low caecal-fluid pH and high propionate
content were critical to the inclination for wood chewing (Willard et al. 1977).
However, the propionate content is unlikely to account for the habit of crib-
biters, as these individuals spend less time eating and resting than do normal
horses and their reduced feed intake (P.D. McGreevy personal communication)
may account for an extended large-intestinal transit time for the passage of
ingesta that is likely to be associated with a normal pH (see ‘Gastric erosion’,
Chapters 6 and 11).

e Although the grinding and pelleting of hay do not affect the digestibility of
protein, the digestibility of both DM and crude fibre is decreased slightly, pos-
sibly because of a decrease in time taken to consume a given amount of feed.
From a practical point of view the effect on digestibility is more than offset by
the reduction in wastage.

e Grinding and pelleting can increase hay costs by up to 10%.

Feeding time can be influenced by the conditions and method of processing the
hay. Researchers in Hanover (Meyer et al. 1975b) recorded that horses took 40 min
to consume either 1kg long hay or 1kg hard, pressed, wafered hay. They took longer
to consume chopped or ground hay but less time to eat soft pressed wafers. Hay of
poor quality and high fibre content took longer to eat than better quality hay. Highly
digestible chopped maize silage was eaten much more rapidly than hay. Horses of
between 450 and 500kg made between 3000 and 3500 chewing movements in
consuming 1kg long roughage, but only between 800 and 1200 such movements in
eating 1kg concentrate. However, ponies of between 200 and 280kg required twice
as long to eat hay and a concentrate meal and between three and five times as long
to eat whole oats or pellets. They made between 5000 and 8000 chewing movements
in consuming 1kg concentrate. The ingesta of horses given chopped hay, or ground
hay, passed more rapidly through the stomach than did that of those given long hay
and the former led to more fluid stomach contents.
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Several other reports have clearly shown that the digesta of horses given ground
hay passes more rapidly through the GI tract (Wolter et al. 1974), notwithstanding
the evidence that horses normally masticate roughage to particles of less than
1.6mm long before it is swallowed (Meyer et al. 1975b). In one experiment, the
mean rate of passage of long meadow hay was 37 hours compared with 26 and 31
hours for ground meadow hay, and ground and pelleted meadow hay, respectively.
The decrease in fibre digestibility experienced on grinding almost certainly is a
function of rate of passsage through the GI tract. However, by the same token, the
faster the rate of passage becomes the greater is the capacity of the horse for feed;
but an extension of the time for each meal of pelleted roughage may improve
digestibility of fibre.

Where horses are given a choice of loose hay, wafered hay and pelleted hay, more
is consumed of the latter two than of the loose hay. Generally speaking, the horse is
a reasonable judge of the quality of loose hay and, among grass hays, well-made rye
grass is generally reliable. Horses prefer grain to either chopped or long hay, and if
given a chopped hay-grain mixture they are inclined to sort out the grain. Neverthe-
less, such a mixture frequently affords a useful function of depressing the rate of
grain consumption by a greedy feeder. Some evidence suggests that the consump-
tion of concentrate feed before hay, rather than after, causes a more intense mixing
of ingesta and less variation in the concentration of VFA in the lumen of the large
intestine (Muuss et al. 1982). This should be an advantage, but other evidence
(Cabrera et al. 1992) indicates that the consumption of roughage before concen-
trates improves amino acid utilization from digested proteins.

For stabled horses, long hay is given on either a clean area of the floor in the
corner of the box, in a hay rack or in a net. The latter should be placed sufficiently
high to avoid the possibility of a horse entangling its hoof in an empty net. The
amount of hay wasted may be greatest where it is placed on the floor, but this
procedure leads to less atmospheric dust.

Dried grass nuts

Grass, clover, lucerne (alfalfa) and sainfoin crops are frequently cut when green and
leafy, artificially dried, and preferably chopped and pelleted with a moisture content
of about 120g/kg. In the UK the product must have a crude protein content of at
least 130 g/kg, on the assumption that the moisture content is 100g/kg, to be desig-
nated ‘dried grass’. High protein grass nuts contain approximately 160 g protein/kg.
Dehydrated alfalfa manufactured in the USA contains 150-170¢g protein/kg (90 ¢
moisture/kg). These products contain little vitamin D,, but are rich sources of high
quality protein, B-carotene, vitamin E and minerals, well suited to horse feeding and
of relatively balanced composition. However, where the product is rich in legume
forage the Ca:P ratio is frequently too wide, and the protein content too high for
it to form the entire diet. It should then be supplemented with a cereal product rich
in P.

The artificial drying of green forage yields a product more valuable than hay, as
the raw material to be dried is less mature, leaves are not shattered and lost,
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moulding is avoided and dustiness is minimal. Hyslop et al. (1998b) reported that the
crude protein and NDF digestibilities were both higher for the artificially dried
material than for hay when a perennial-rye-grass crop was cut for both purposes on
the same day. It was assumed that there was lower leaf loss for the dehydrated grass.
The only disadvantages are the absence of long fibre, and the contents of B-carotene
and o-tocopherol are variable and influenced particularly by length of storage of the
product. Thus, as much as half the vitamin A potency (initially it may be equivalent
to 30000-40000 iu vitamin A/kg for horses) can be lost during the first seven months
of storage where facilities are not ideal (see ‘Feed storage’, this chapter).

FUNCTIONS OF HAY AND USE OF OTHER BULKY FEEDS

Haylage

Fibre and bulk are useful attributes for part of the horse’s diet. By diluting more
readily fermentable material, fibre suppresses a rapid fall in pH of the large intesti-
nal contents and, by stimulating peristaltic contraction, feed with these characteris-
tics probably aids the expulsion of accumulated bubbles of gas. There are many
alternatives to hay as sources of fibre and for horses with sound teeth several are
useful where reliable hay cannot be obtained. Best-quality silage and haylage free
from moulds can be fed to most horses. Good-quality acidified grass silage with a
high content of DM may replace between one-third and all horse feed; but success
depends on its composition, freedom from abnormal fermentation, skill of the
feeder and on the horse. Compensation should be made for its deficiency, compared
with grass, in potency of vitamins A and E. Horses suffering from respiratory allergy
should benefit most by changing from hay to silage. Very acid silages should be
avoided. Silage with low amounts (less than 25%) of dry matter, and baled or
bagged material with a higher content of dry matter but with a pH of around 6, may
lead to a greater risk of abnormal clostridial fermentation (see Chapter 10). It may
also very occasionally precipitate explosive intestinal fermentation and colic if
improperly fed. The reason for this may be that the rate of intake of highly
fermentable DM is much greater in this form than it is in the form of long hay.

Waste products

Good-quality spring barley or wheat straw in small quantities acts as a source of
fibre for horses with sound teeth but is deficient in most nutrients. The inclusion of
various waste products in complete diets has been examined, particularly in France
and the USA. These products include dried citrus pulp, which is quite satisfactory
(Ott et al. 1979b), soya hulls and such unusual materials as sunflower hulls, almond
hulls, corrugated-paper boxes and computer paper. Digestibilities for the last two
seem to be about 90 and 97 % respectively, but are much lower for the sunflower and
almond hulls because they are heavily lignified. The characteristics of some other
bulky feeds are discussed elsewhere in this chapter. With increasing competition
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between domestic animals for feeds, and an expanding world human population,
undoubtedly the search will continue for satisfactory and safe means of sustaining a
healthy population of domesticated herbivores by the greater use of waste products
of human activities.

Alkali treatment of roughage

Treating straw with sodium hydroxide — nutritionally improved straw (NIS) —
increases its digestibility to the horse (Mundt 1978) and, with dietary adjustments to
its sodium content, the product is an important supplier of dietary fibre. Ammonia-
treated straw also has promise (Slagsvold et al. 1979), but results in cattle and horses
have been mixed. The potential digestibility of poor-quality roughages is difficult to
predict by chemical analysis, as the factors that inhibit the complete digestion of
plant cell-wall polysaccharides include a difference in structural organization, as
well as differences in chemical composition of those structures (see Chapter 2).

Group feeding

Feeding habits and hunger of stabled horses can vary enormously and succulent
roughages are sometimes used to stimulate animals with flagging appetites. One
French study (Doreau 1978) showed that the intake ad libitum of a dry feed by a
group of stabled horses varied from 8.1 to 19.2kg daily and the time spent eating
ranged from 6 hours 40min to 15 hours 50min. The horses ate several large meals
and some small diurnal and nocturnal meals. The night meals represented 30% of
the total intake. Several factors may contribute to the fastidiousness of finicky
eaters, such as environmental stress and nervousness, unpalatability and monotony
of ration, nutritional deficiencies, poor health and teeth, lack of exercise and peck
order (hierarchy) among group-fed horses.

Succulents

Many succulent vegetables and fruits (for example, sugarbeet roots, carrots, apples,
pears, peaches and plums) are satisfactory as treats for horses. Peaches and plums
should be stoned, and hard root vegetables should be sliced into strips, to avoid
choking, and then mixed with compounded nuts or grain. Carrots contain over
100mg carotene/kg and care should be exercised in the quantities used (not more
than 0.5kg fresh material/100kg BW daily) if other large supplements of vitamin A
are being given. A similar attitude should apply to all other treats as they represent
an unbalanced feed and in large quantities (more than 20% of the total dry matter
intake) can do more harm than good. It should also be realized that succulents,
including both root vegetables and fruit, contain 80-90% water, and on a dry matter
basis they may therefore be a very expensive source of energy and protein. Only if
they are relatively cheap can succulents be justified and bulkiness restricts their
role to that of a supplement to normal rations. Of all the main flavour groups
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present in feed, the horse is deterred by sour tastes and attracted by sweet flavours
in moderation.

COMPOUNDED NUTS

Several ingredients are generally incorporated in a ground form, among them the
common cereal grains, oilseed meals, milling, brewing and distilling by-products,
dried grass and lucerne, fishmeal, and mineral, trace element and vitamin supple-
ments. Their principal role in this form is to provide a balanced source of all
nutrients, but they have to be supplemented with loose hay as a source of long fibre,
with water and sometimes with common salt. Nuts rich in nutrients and with
high digestibility can be supplied to young foals, high-energy nuts can be given
to horses in hard work, and low-energy nuts can be provided for adult horses
engaged only in light work. The advantages of nuts thus include standardized diets
for particular purposes, constant quality, extended shelf life, freedom from dust,
palatability, and uniform physical characteristics and density, all of which facilitate
routine feeding.

Compounded nuts, particularly high-energy, nutrient-dense formulations, should
be introduced gradually to give the horse and its microbial flora time to adapt to the
new regime. A too-rapid introduction of nuts, or for that matter of oats, sometimes
leads to slightly loose droppings during the first two to three weeks, ‘filled-legs’ and
even to colic. Complete nuts are also manufactured for feeding to horses in the
absence of hay, but, generally, these should be used only for a greater control of
dust where horses are subject to respiratory allergies. In the absence of loose hay,
wood chewing and some other vices, including coprophagy, may be more prevalent.
Nevertheless, ad libitum access to a complete pelleted diet, one containing 29%
crude fibre (53% NDF), enabled three-year-old pony mares to establish natural
feeding patterns with minimal vices. Feed intake exceeded maintenance during
the first four weeks, but returned to maintenance levels subsequently (Argo et al.
2002).

The preparation of feed in nut form may have the disadvantage that the user is
unable to recognize good-quality from poor-quality ingredients. Products from
reputable compounders should therefore always be used for feeding horses, but
some indication of the chemical nature of the product can be conjectured by refer-
ence to declared analyses required by law in the EU and found on a ticket attached
to the bag. The Statutory Statement included on the ticket should give the following
information for complementary and complete feeding stuffs:

e the name or trade name, the price, country of origin and address of the person
responsible for the particulars of the Schedule;

e the net quantity and minimum storage life (or batch number), and the moisture
content of compounds if it exceeds 14%;

e whether a permitted antioxidant, colourant or preservative is included;
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e the active levels of vitamins A, D or E, if included, and the shortest period over
which the activities apply;

e the name of any Cu additive and the total level of Cu (naturally present plus
added);

e bentonite and montmorillonite, the name of the additive and (other) binding
agents present;

e details of any enzymes or microorganisms added (see ‘Probiotics’, this chapter);

¢ information may be included on total levels of other trace elements and the total
levels of other vitamins, provitamins and vitamin-like substances, including the
minimum period over which the activity applies;

e ingredients in descending order by weight;

e the percentage by weight of crude oil (lipids extractable with light petroleum,
40/60°C boiling point without prior hydrolysis, except in the case of milk
products);

e the percentage by weight of protein (the nitrogen content multiplied by 6.25);

e the percentage by weight of crude fibre (principally organic substances remain-
ing insoluble following alkali and acid treatment);

e the percentage by weight of total acid-insoluble ash;

e levels of lysine, methionine, cystine, threonine and tryptophan may be included;

e levels of starch, Ca, Na, P, Mg and K may be included (levels of Ca, if over 4.9%,
and P, if over 1.9%, must be included).

Table 5.4 gives recommended declarations and some chemical values for com-
pounded horse feeds.

Table 5.4 Recommended declarations and chemical values for compounded nuts and coarse mixtures
(assuming 88% DM).

Crude Crude Crude* Total Digestible Total

oil fibre protein lysine energy ash
%) (%) (%) (%) (Mikg) (%)
Foals
1 month before weaning
to 10 months old 4-4.5 6.5-75 17-18 0.9 13 7-9
11-20 months old 3-3.5 8.5 15-16 0.75 11 7-9
Adults
Strenuous work 3.5-4 8.5 12-13 0.55 12 8-10
Light to moderate work,
barren mares and stallions 3 14-15 10-10.5 0.45 9 9-10
Last quarter of pregnancy,
lactation and working stallions 3 9-10 13-15 0.65 11 8-10

* Actual protein concentrations are less important than are the total lysine contents. Note: lysine and DE
are not normally declared.
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Table 5.5 Weights of common cereal grains and soya-bean meal and average DE and UFC (MJ/101)
values per unit volume.

Weights DE UFC

Ib/bushel kg/101
Oats 27-45 34-5.6 51.7 3.9
Barley 36-55 4.5-6.9 73.0 5.7
Wheat 50-62 6.2-7.7 98.0 7.5
Milo (sorghum) 51-59 6.4-7.4 89.7 6.4%
Maize 46-60 5.7-1.5 93.7 7.4
Soya-bean meal (solvent extracted, 44%) 47-53 5.9-6.6 83.1 5.7
Wheatbran 1721 2.1-2.6 25.4 1.8

*NE value of milo estimated.

A range of sizes of compounded nuts has been found suitable for feeding
to growing and adult horses. However, the optimum seems to be a diameter of
6-8mm and a length of 12mm. For very young foals being given a milk substitute
nut, a diameter of 4-5mm and a length of 6-7mm is probably more suitable.
South African work (van der Merwe 1975) indicates that acceptability is not
affected measurably by hardness of nut, although most horses dislike nuts that
crumble too readily, and those that are excessively hard may occasionally be bolted
without mastication. This work revealed that smaller nuts are chewed more
slowly and require more time for a given amount to be consumed — a decided
advantage.

Where horses are in especially hard work, up to 80% by weight of the total ration
can be provided in the form of nuts or grain and supplements, with the remaining
20% composed of hay. Regimens of this nature require considerable skill, four to
five feeds per day and regular exercise every day. A much more typical regimen for
stabled horses in strenuous work is a ration of 50-60% by weight of nuts or concen-
trate and 40-50% hay. As the amount of work is reduced, so the proportion of nuts
can be decreased, or nuts of lower energy can be used. In stables where horses
are given their concentrate measured in terms of the number of bowls per day,
recognition should be given to the differences in bulk density and energy density of
feeds. For example, a unit volume of barley is about three times the weight of
the same unit volume of wheat bran. Furthermore, the common cereals have
different amounts of digestible energy per unit weight. The combined effects of
energy density and bulkiness imply that, for example, a unit volume of maize
contains nearly double the digestible energy of the same volume of oats (Table 5.5
gives appropriate conversion values).
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COARSE MIXES

Some horses in strenuous work have poor appetites and are more likely to ‘eat up’
when given a coarse mixture (sweetfeed) than when given nuts in similarly large
amounts. Coarse mixtures have thus gained in popularity, although it is evident that
poor appetite for nuts is due in part to similar volumes and therefore larger weights
of nuts being offered, when refusals would be expected. Coarse mixes should be
complete, to be supplemented only with loose hay, water and sometimes with
common salt. They tend to be more expensive to produce than compounded nuts,
but have an advantage in being less dense, and normally contain a proportion of
cooked, flaked cereals and oil seeds and expeller oil-seed cakes. Argo et al. (2002)
gave pony mares ad libitum access to either pellets or a coarse mix of the same
composition. They found that DE intake was greater with the pellets, but that each
meal was less frequent and of greater duration, with a lower bite rate and a lower
DM intake per minute for the coarse mix. Husbandry advantages may accrue from
the extension of eating time that occurred with coarse mix. This may explain the
greater glycaemic response produced by a 4mm pelleted concentrate compared
with that produced by a sweet feed of similar starch content (Harbour et al. 2003).
On the other hand, their shelf life is less than that attributed to compounded nuts
and their bulkiness demands proportionately more storage space. Storage of these
mixtures and of all feeds should be in dry, cool, ventilated conditions where there is
little variation in temperature, otherwise moulding can occur.

CEREALS

Whereas water is probably the most critical nutrient for the horse’s immediate
survival, fatness and lack of exercise are the horse’s worst enemies. The adequate
control of energy intake is the most difficult aspect of optimum and reliable feeding.
Cereals (Plate 5.3) are the principal source of energy in the diet of hard-worked
horses and therefore a brief discussion of the characteristics of the common cereal
grains and their by-products is appropriate.

Cereal grains contain from 12MJ to more than 16 MJ DE/kg DM compared with
about 9MJ/kg in average hay. Cereal grains embody three main tissues: the husk
and aleurone layer, endosperm and the embryo. The endosperm is a rich store of
starch required as a source of energy during the early growth of the plant. Of the
nitrogen compounds of cereal grains 85-90% are proteins; these are found in each
of the tissue regions but are in higher concentrations in the embryo and aleurone
layer. Cereal proteins are not as nutritionally useful as oil-seed and animal proteins
because they are relatively deficient in lysine, threonine and methionin