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Preface

We are delighted to welcome the publication of the
second edition of The Athletic Horse. This edition has
been a long time in development. The first edition was pub-
lished in 1994. Much has changed since that first edition. One
being that the first edition was one of the few books on
veterinary lists dealing with the physiology of exercise in
horses. As we move well into the second decade of the twenty
first century, veterinary lists have expanded dramatically as
our knowledge has grown and more and more specialties have
been formed. Publishing and methods for dissemination of
knowledge have changed inexorably since the mid 1990’s.
Thus although this edition is being produced in hardback,
similar to the first edition, color has been widely utilized as
have many sophisticated production tools by the publishers,
Elsevier. With the advent of cloud computing, extraordinary
search engines, and on-line publishing it is inevitable that in
the foreseeable future texts such as these will undergo sub-
stantial change as to how they are produced and delivered to
you the end user. That stated, we as authors owe a great debt
of gratitude to the highly experienced, capable and endlessly
patient team at Elsevier. Those who have nurtured us through
this process and deserve special mention are: Penny Rudolph,
Shelly Stringer, Sara Alsup, and Lauren Harms. Their team
approach, gentle coaxing, and guidance is appreciated by the
authors more than they will likely appreciate.

The original concept for The Athletic Horse came as a result
of Reuben Rose and one of the editors (DRH) working together
at the Equine Research Laboratory at the University of Sydney
in the 1990%s. One of the results of that collaboration was the

Vi

first edition of The Athletic Horse. Dr. Rose has now retired from
life at the University of Sydney taking up residence at his
140-year-old family farm in south eastern Australia. Given the
rigors of maintaining a flock of about 5,000 sheep he thought it
wise not to commit to working on this edition. However, one
of the individuals Drs. Rose and Hodgson admired during the
halcyon days of horse research in the 1980% and 90% was Dr. Ken
McKeever. Thus it was only logical that Dr. Rose recommended
Dr. McKeever as his replacement in this project. Further, in the
early 1990’ Drs. Hodgson and Rose identified that a young star
was emerging onto the scene in exercise physiology in horses:
Cathy McGowan. Given Cathy’s work ethic, intellect and orga-
nizational skills Drs. Rose and Hodgson agreed that it was
essential that Cathy join the editorial team. Two of us (DRH and
KHM) attest that this proved to be a masterstroke as Cathy has
been the one constant in this project and we, DRH and KHM,
are fully cognizant of the fact that the book would never have
reached fruition without Cathy’s assiduous nature and regular
(and necessary) counseling and cajoling of her co-editors.

No book of this nature is possible without the hard work
and little rewarded effort of the many authors who have con-
tributed to this project. We asked experts in their discipline
areas and they did not disappoint. I hope you believe as we do
that these invited authors have made and extraordinary effort
in the writing of this text.

We trust you will find this edition useful no matter what
your area of interest: veterinarian, exercise scientist, physiolo-
gist, student, to name just some groups we have tried to appeal
to with this edition.

DRH, KHM, CTM
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DAVID R. HODGSON, CATHERINE McGOWAN

he study of equine sports medicine, although now out of

its infancy, can only be said to be in its adolescence com-
pared with investigations into human exercise and sports sci-
ence, which appear to be scaling new heights with ever more
sophisticated technologies. Early studies of equine exercise
physiology at the end of the nineteenth century (Zuntz, 1898)
through until the mid-1930s (Procter, 1934) focused on
energy metabolism, with particular relevance to the work
horse. The working equid is still used widely in many parts of
the world (there are an estimated 100 million across the
planet) (Food and Agriculture Organization [FAO], 2009),
but increasing mechanization in the Western countries has
resulted in the horse being used mainly for recreational pur-
poses, with approximately 16 million used for this purpose
(FAQ, 2009). Revenue from gambling has been an important
driving force in the development of the racing industries in
many developed countries. As an extreme example, the Hong
Kong Jockey Club holds about 700 races per year with a bet-
ting turnover of approximately $US9 billion, that is, approxi-
mately $12 million per race.

In the 1950s and 1960s, there was an upsurge in interest in
the physiology of the athletic horse (Holmes, 1966; Irvine,
1958; Karlsen, 1964; Persson, 1967; Steel, 1960; Steel, 1963);
and over the last 20 years, there has been a dramatic accelera-
tion in information that is available from a range of research
studies performed around the world. The real pioneer of
equine exercise science is Professor Sune Persson, who com-
menced his studies of the Swedish trotter in the early 1960s.
Persson was the first person to use the treadmill to study the
physiology of exercise, and the treadmill has gone through a
period in which it was widely used for research and on occa-
sion commercial training. Persson’s work has stimulated a
range of studies throughout the world examining the science
of equine exercise. The widespread interest in the physiology
of the athletic horse can be gauged by the response to the
regular International Conferences on Equine Exercise Physi-
ology (ICEEP) held every 4 years since the first meeting in
1982 in Oxford, England. Clearly, there is both scientific and
commercial interest in factors that contribute to the successful
athletic performance of the horse.

EQUINE SPORTS MEDICINE AND THE ATHLETIC
HORSE

In contrast to earlier investigations into exercise, which were
stimulated by the horse’ role in agriculture, many more horses are
used for recreation today, with the range of equestrian activities
becoming increasingly diversified. A variety of breeds are involved
in an assortment of athletic endeavors, including Thoroughbred,
Standardbred, and Quarterhorse racing; endurance riding; dres-
sage; show jumping; eventing; driving events; vaulting; and the
rapidly expanding western riding activities: rodeo, polo, polo-
crosse, and bull fighting. Riders, drivers, trainers, and veterinarians
are better informed, and there is acknowledgment that traditional
training and feeding methods require investigation. Appropriate
changes can be made, and have been made, to such areas as train-
ing strategies in light of new information from research studies.
However, it must be acknowledged that there is some disillusion-
ment with equine sports medicine with regard to expectations that
the principles used in human exercise science could be transposed
easily to training the athletic horse. Several popular publications
proposed simple recipes for success in training horses, but these
regimens had not received scientific investigation, and many meth-
ods proposed were time consuming and ultimately produced no
improvement in athletic performance or, indeed, increased injury
rates (Ivers, 1983; Swan, 1984). There appear to be no easy meth-
ods for producing athletic success in horses. However, the exten-
sive information that is now available from various research studies
does provide the opportunity for some guidelines for horse own-
ers, trainers, and veterinarians. Superior athletic performance is
multifaceted and is the result of integration of the major body
systems involved in delivering energy, as well as critical biome-
chanical factors (Figure 1-1). Although it is clear that physiologic
capacity is closely related to athletic performance, it appears almost
impossible to define what contributes to that elusive “will to win”
that distinguishes the champion horse within an elite group.

ENERGY DEMANDS OF EXERCISE AND IMPLICATIONS
FORTRAINING

If one compares events as diverse as endurance riding
(160 kilometers [km]) and racing (up to 8500 meters [m]),
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FIGURE 1-1 Some of the major physiological factors contributing to
superior athletic performance in horses.

it is clear that there are great differences in energy demands,
biomechanical function, thermoregulation, and training strate-
gies. Other athletic activities such as dressage and show jump-
ing focus on biomechanical skills and muscle memory rather
than on energy availability. However, in all these activities, an
important consideration is the provision of energy from the
available reserves, which are chiefly glycogen in the liver and
skeletal muscle and fat in various fat depots. Aerobic energy
delivery—a function of heart rate, stroke volume, and oxygen
extraction by muscle—is the result of a complex chain of events
involving the oxygen transport chain (Figure 1-2). In contrast,
anaerobic energy delivery is more direct and predominates in

02 in
air

:

O, transport
via conducting
airways

:

O, diffusion
across alveolar
capillary interface

.

O, binding to
hemoglobin

:

O, distribution via
the circulation

:

O, utilization by
mitochondria

FIGURE 1-2 The oxygen transport chain showing the various steps
in transport from the air breathed in to final utilization by the
mitochondria.
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the rapid delivery of energy for brief periods of intense exercise
(Figure 1-3). A detailed consideration of energy utilization dur-
ing exercise is provided in Chapter 3.

Knowledge of the patterns of energy use in different com-
petitive events allows specific training strategies to be adopted
to maximize the adaptations in various body systems. Although
aerobic and anaerobic energy supplies coexist in all events,
aerobic energy production predominates in the majority of
equine competitive activities. This has important implications
for training strategies because an emphasis on aerobic training
appears to be an important foundation for all events. However,
much more information is required for assessing different
training schemes and experimental methods to determine such
factors as:

e The selection of horses for specific events prior to the onset
of training

* Specificity of training for speed versus stamina versus
muscle memory

e The rate of decrease in fitness following cessation of
training

e The optimal age to commence training for the discipline
the horse will participate in

Many of these questions can be answered by specific experi-
ments, but it is doubtful whether sufficient resources are avail-
able to determine whether physiologic measurements may be
used to forecast future athletic performance accurately.

TRAINING AND MUSCULOSKELETAL INJURIES

The major problem in training horses for athletic activities is
to keep them free of injury. Studies examining racehorses in
training have shown that by far the most common reason
for wastage is musculoskeletal injury (Evans, 2002; Jeffcott,
1982; Perkins, 2005; Rossdale, 1985). A variety of factors are
involved, including the conformation, training surface, age of
the horse, and stage of training. However, as yet, few studies
have examined the role of training in maximizing the strength
of soft tissue and bone. Those studies which have been per-
formed are reviewed in Chapter 13.

LIMITATIONS TO PERFORMANCE

Fatigue is a complex chain of events, with central as well as
peripheral contributions. Short-duration, high-intensity ex-
ercise such as is performed in Thoroughbred, Quarterhorse,

Muscle glycogen
concentration

Percent of ¢ beEfJSC'Ie

Type Il fibers cgp22H3
Anaerobic

/ capacity \

Muscle concentration
of high-energy
phosphates

Rate of
glycogenolysis

Muscle fiber
area

FIGURE 1-3 A summary of important factors contributing to anaerobic
capacity.
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and Standardbred racing is not limited by availability of
substrates but, more likely, by failure of energy production
associated with an increase in protons and a decrease in
adenosine triphosphate (ATP). In contrast, longer-duration
exercise such as endurance riding results in substantial
muscle glycogen depletion, which eventually may limit the
horse’s capacity to continue to exercise. (See also Chapter 3).
In addition, long-distance exercise also imposes substantial
thermoregulatory demands, with evaporative cooling from
sweat production as the major mechanism for heat dissipa-
tion (see Chapter 8).

OVERVIEW OF THE APPLICATION
OF SPORTS MEDICINE AND EXERCISE
SCIENCE IN THE ATHLETIC HORSE

The clever application of science to horse racing will achieve
much more than faster racing times. The benefits range from
fewer working hours spent in training with identification of
the most effective training methods to fewer injuries and
improved equine welfare. The long-term financial benefits for
owners and trainers are likely to be substantial. Indeed, the
involvement of science in the horse racing industry should
be encouraged as a matter of priority if the existence of the
industry is to be secured for the future.

AIM OF SCIENTIFIC INVESTIGATION

The aim of science is to test hypotheses through objective
measurement. Much that is written or spoken about horses
represents little more than qualitative opinions. For example,
the horse’s appearance often is assessed by observation. Mus-
cles are described as “looking firm,” or the jockey “feels” that
the horse is “running better.” In contrast, science deals with
measurable numbers: How many grams of carbohydrate were
utilized, and how much oxygen was consumed in a 2000 m
race? What was the horse’s blood lactate concentration after a
prescribed bout of exercise? What were the actual speed of
training, cumulative distance at different speed ranges, alti-
tude, and heart rate, and how do these factors correlate with
race performance or injury?

The scientist tests the validity of any hypothesis by apply-
ing statistics to the numbers that have been collected. This
allows an assessment of whether the intervention under
study produced an effect and whether that effect could be
ascribed to chance alone or resulted directly from the specific
intervention.

Questions that are open to scientific investigation and
worthy of analysis include:

e What key physiologic factors determine athletic success in
racing horses?

* What is the nature of the fatigue experienced by racing
horses?

e How can race horses be better prepared to resist the onset
of fatigue? That is, what are the optimal training methods?

e How can we ensure fewer injuries during training and
racing?

Some of these issues have, of course, been addressed over
the past decade, particularly those relating to “wastage,” that
is, days or horses lost to training and racing. However, much
of the available information on the other points listed above
has changed relatively little.

An Overview of Performance and Sports Medicine 3

TECHNIQUES AND INSTRUMENTATION
NEEDED FOR LABORATORY RESEARCH
OF THE ATHLETIC SPECIES

Horses are considerably harder to study than are humans.
Apart from the difficulty in obtaining their complete coopera-
tion, the added complication is that precautions need to
be taken to ensure their safety and that of the researchers.
Despite this, various tools have been developed to enable the
evaluation of various aspects of exercise physiology.

TREADMILL

The treadmill allows the investigator to study the athlete dur-
ing exercise of any intensity as well as at rest before or after
exercise. Tests more specific to horses that can be performed
on a treadmill include gait analysis, endoscopic evaluation of
upper airway function, and tests of exercise performance. It is
the last test that has been used most widely for, among others,
determining superior athletic ability; explaining poor racing
performance in individual horses; identification of possible
physiologic factors that may alter with training; and studying
the biochemical and physiologic nature of fatigue during
exercise (Figure 1-4).

FIGURE 1-4 A Sito (SATO AB) used for performance evaluation at the
University of Helsinki Equine Hospital. (Photo courtesy Pdivi Heino.)
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Treadmill exercise is not equivalent to track exercise.
The effects of air movement, track surface, and rider impact
are not duplicated on the treadmill, and horses have no
forward momentum on the treadmill because the moving
belt provides the driving force. Therefore, the amount of
work performed by a horse on the treadmill is quantitatively
different from work on the track. For a track exercise test,
horses require only a short habituation period and can
be worked in their standard manner, often with the usual
rider or driver (Sloet van Oldruitenborgh-Oosterbaan and
Clayton, 1999). Nevertheless, there are clear advantages to
studying responses to exercise on the treadmill. A consistent
exercise surface, controlled environmental conditions, pre-
cise control over intensity of exercise, and ease of measur-
ing physiologic variables to monitor fitness are all strong
indications to pursue treadmill-based studies (Sloet van
Oldruitenborgh-Oosterbaan and Clayton, 1999). By posi-
tively inclining the treadmill, a horse can be exercised at its
maximum power output at a relatively slower speed than if
it were on a flat plane (Sexton and Erickson, 1990). This
potentially reduces the risk of musculoskeletal injury be-
cause speeds above 12 to 13 meters per second (m/s) are
unnecessary, but the steeper the slope, the more likely is an
adverse impact on normal biomechanical function. It is sug-
gested that muscles may be recruited differently when the
horse is exercised on a slope versus a flat plane (Sloet van
Oldruitenborgh-Oosterbaan and Barneveld, 1995). A slope
of 10% (5.71 degrees) is recommended for treadmill testing,
as most horses will reach their maximum oxygen uptake at
speeds of 10 to 12 m/s compared with 14 to 15 m/s on a flat
plane. It is desirable to standardize the incline that exercise
tests are performed on, to allow better comparison between
studies from different institutions (Sloet van Oldruitenborgh-
Oosterbaan and Clayton, 1999).

Significant differences in locomotor and metabolic variables
have been reported in studies comparing track exercise with
treadmill exercise, and future research may continue to eluci-
date the etiology of these differences. Currently, treadmill tests
are preferable for most research purposes, but track tests may
be of greater importance when examining the locomotor vari-
ables and fitness of sport horses (Sloet van Oldruitenborgh-
Oosterbaan and Clayton, 1999).

RESPIRATORY GAS ANALYSIS AND DETERMINATION
OF VOomax

Air expired during exercise can be measured for its oxygen
and carbon dioxide content, thereby allowing the calculation
of the rate of oxygen consumption during exercise of different
intensities. Measurement of oxygen consumption allows cal-
culation of energy expenditure at any specific workload or
running speed and gives an idea of an individual horse’s effi-
ciency or “economy of movement.” The respiratory exchange
ratio (RER), which is calculated as the ratio of carbon dioxide
(CO,) production to oxygen (O,) consumption, provides an
indication of the relative proportions of the metabolic fuels
that are used at a specific exercise intensity.

Maximal Oxygen Consumption

Maximal oxygen consumption (VO,u,) is the maximal
amount of oxygen used by the athlete during maximal exer-
cise to fatigue. It is determined by increasing the workload or
speed of the treadmill in a stepwise manner with continuous

STRUCTURE CONSIDERATIONS IN EQUINE SPORTS MEDICINE

monitoring of the rate of oxygen consumption. VO,y,,, is some-
times termed the peak aerobic power.

Thoroughbred racehorses have VOsmax values of 160 to
200 mL Oy/kg/min (Noakes, 1992; Rose et al., 1988), more
than twice that of elite human athletes on a per kilogram
bodyweight basis. The higher VO, values of the racehorse
are best understood in terms of the physiologic factors that
determine how rapidly oxygen can be transferred from the air
to the active muscles where it is used (see Figure 1-2).

The rate of oxygen consumption can be calculated as the
product of the cardiac output (CO) multiplied by the differ-
ence in the oxygen content between arterial and venous
blood. The difference in the (high) oxygen content of arterial
blood traveling to the muscles and the (much lower) oxygen
content of venous blood returning to the heart, having deliv-
ered much of its oxygen to the active muscles, is known as the
arteriovenous O, difference [(a-v)DO,].

Therefore,

VO, = CO X [(a-v)DO,]

CO is the volume of blood pumped by the heart each minute.
It is the product of heart rate (HR) and stroke volume (SV),
which is the amount of blood ejected from the heart with each
contraction.

CO=HR X SV

Cardiac output increases during exercise as a result of
an increase in both HR and SV. During exercise, both these
responses occur to a greater extent in horses than in humans.
For more details see Chapters 3, 9 and 11.

Blood Oxygen Content

The amount of oxygen carried in arterial blood is dependent
on the concentration of red blood cells (RBCs) in the circula-
tion and their hemoglobin content. Respiratory disorders that
may interfere with the transport of oxygen from the atmo-
sphere to the pulmonary vasculature can be assessed for their
significance by measuring arterial blood gas tensions. Arterial
blood samples are normally collected from a catheterized
transverse facial artery during a treadmill exercise test. Values
should be corrected for central venous blood temperature.
Hypoxemia and hypercapnea are recognized responses to
high-intensity exercise (Bayly et al., 1983; 1987) and the se-
verity of hypoxemia increases with training. There is a strong
negative correlation between minimum arterial oxygen con-
tent and VO, in trained horses, indicating the importance
of assessing both variables before interpreting blood gas data
(Christley et al., 1997).

Another measure of the number of circulating RBCs is the
hematocrit, which is the percentage of the total blood volume
occupied by RBCs. The horse has the unique ability during
exercise, to release a large number of RBCs from their storage
site in an intra-abdominal organ, the spleen. As a result, the
hematocrit of the horse can increase from around 32% to 46%
to 60% to 70% during maximal exercise (Snow and Vogel,
1987). This ability dramatically increases the oxygen-carrying
capacity of the horse’s blood during exercise.

HEART RATE

Specific heart rates are seldom used as a predictor of athletic
performance. However, equine physiologists use a measure
termed Vg, which is the velocity a horse achieves at a heart
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rate of 200 beats per minute. V,o, which is said to approxi-
mate the maximal aerobic power achieved by the horse, is
calculated from heart rates measured during a series of runs at
different speeds on a treadmill or on the racetrack. V,oo can be
used as a simple, yet effective, measurement to monitor train-
ing adaptations during and at the completion of a training
program. Increases in V,oo would be interpreted to indicate
a favorable training adaptation, whereas the reverse would
apply if Vyq fell.

In addition, measurement of heart rate can be a most valu-
able training aid because it allows for accurate control of the
intensity of any exercise training session (Foreman et al.,
1990). In general, it is now believed that intensity is the most
important variable in the training program, since the extent of
the training adaptation is determined by the intensity, rather
than the volume, of training (Noakes, 1992). However, if
training intensity is excessive, injury and overtraining are the
likely results. For more detail of the use of heart rate in train-
ing the reader is referred to Chapter 11.

BLOOD TESTS

Blood samples are taken routinely during exercise tests as
specific indicators of exercise intensity and fitness and to
monitor the health of athletes prior to racing. For more infor-
mation see Chapter 5.

Blood Lactate Concentration

In humans as well as horses, the most common blood bio-
chemical measurement is the blood lactate concentration.
During exercise of progressively increasing intensity, the lac-
tate concentration rises progressively from the resting concen-
tration of about 1 millimole per liter (mmol/L) (Figure 1-5).
The exercise intensity at which lactate concentrations rise
more steeply is often termed the lactate threshold, which oc-
curs at a lactate concentration of 4 mmol/L, the V,4,. Tradi-
tionally, the V} 44 has been considered to approximate the an-
aerobic threshold, mirroring the metabolic transition from
predominantly aerobic to anaerobic energy sources, and this
calculated value increases with improved fitness. This thresh-
old has been used as a measure of both fitness and athletic
ability in humans and possibly horses. In general, less fit
horses show a rise in blood lactate concentration at lower
exercise intensities or running speeds, and hence they exhibit
an earlier lactate threshold compared with fit horses. The

Plasma lactate (mmol/l)
o
1

0 T T T T T T T T T
4 6 8 10 11 12

Treadmill speed (m/s)

FIGURE 1-5 Normal plasma lactate response to exercise in a 3-year-old
thoroughbred horse during an incremental exercise test on a treadmill
inclined at a slope of 6 degrees (10%).
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same relationship is seen in better-performing human athletes
(Noakes, 1992) (Figure 1-6). Other studies have shown that
blood lactate concentrations after maximal exercise are higher
in better-performing horses (Persson and Ullberg, 1974;
Rasdnen et al., 1995).

It is believed that increasing acidity, shown as a fall of the
pH in active muscles, is a contributor to fatigue during exer-
cise of very high intensity and short duration, as typified by
horse races of 1000 to 3000 m. Muscles with an increased
buffering capacity are more resistant to changes in pH and
thus have a greater capacity to continue contracting during
high-intensity exercise.

Blood Glucose and Insulin Concentrations

Premature fatigue during prolonged exercise lasting more
than 1 to 2 hours can be caused by hypoglycemia (low blood
glucose concentration) (Coggan and Coyle, 1991). Monitor-
ing of the blood concentrations of glucose and insulin, the
hormone that regulates the blood glucose concentration, can
determine if hypoglycemia is the cause of fatigue during this
type of exercise.

Hormone Profiles

Standardized exercise tests are suggested to provide a way to
detect subtle changes in hormonal responses in the individ-
ual, which may make an important contribution to the detec-
tion of early overtraining (McGowan and Whitworth, 2008).

De Graaf-Roelfsema et al. (2009) successfully used the
resting pulsatile growth hormone (GH) secretion pattern
to detect the (over-)training status of Standardbreds in an
experimental setting, although in the field setting measure-
ments of the serum concentrations of insulin-like growth
factor 1 (IGF-1) and IGF-2 are more practical and good indi-
ces of GH status. Furthermore, the serum concentrations
of IGF-1 and IGF-2 are relatively constant during the day,
so stimulation testing or multiple sampling is not necessary
(de Graaf-Roelfsema et al., 2009).

Blood Enzyme Assays

The condition of rhabdomyolysis, or “tying-up syndrome,”
can be diagnosed by measuring the activity of certain enzymes
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released from damaged muscles into blood. The condition is
brought on by exercise and can present variably from stiffness
to an inability to move. As a result of the muscle damage that
causes the condition, the activities of the muscle enzymes
creatine kinase (CK), aspartate aminotransferase (AST), and
lactate dehydrogenase (LDH) increase in the bloodstream.
Muscle enzymes can also increase due to cumulative muscle
damage associated with intense, unaccustomed, or eccentric
exercise and may be associated with overtraining (McGowan,
2008; see Chapters 5 and 12).

MUSCLE BIOPSY

In this procedure, a small sample of muscle is removed via
insertion of a hollow cutting needle through a small cut in the
skin (Snow and Guy, 1976). Muscle samples are commonly
tested for carbohydrate (glycogen) content, muscle enzyme
activities, and muscle fiber typing. Muscle fiber composition
has been correlated with locomotor patterns in horses (stride
frequency and stride length) (Rivero et al., 2006) and, there-
fore, may indirectly influence the economy of locomotion. For
more detail of muscle adaptations to training the reader is
referred to Chapter 12.

VALIDATION OF NEWER TECHNICAL SYSTEMS
FOR USE IN HORSES

All scientists are tempted to quickly adopt the most recent and
most innovative of equipment as it becomes available on the
commercial market. Most of this newer equipment is rou-
tinely developed for use in the human medical market. The
veterinary marketplace is much smaller and secondary to the
size, volume, and financing available in the human medical
equipment market. Especially with equipment developed pri-
marily for use in human medicine, it is critical to remember
that unlike the famous movie line “If you build it, they will
come,” the adoption of newer technology should not be a
matter of “If you can measure it, it must be correct.” It is
incumbent on all equine exercise physiologists, as for all sci-
entists, to validate the use of that equipment in the equine
patient or equine athlete.

Heart Rate Monitors

An early example cited above is the validation of the early
on-board HR monitors for use in equine exercise physiology
research (Evans and Rose, 1986). Conversely, one recent pa-
per using HR monitors cited validation data in humans but
not in horses and then went on to use the monitor as if it were
validated for use in horses (Cottin et al., 2006). Again, ideally,
it would have been best if this equipment had been validated
for use in the species of interest in the paper reporting the
data. Newer HR monitors such as the Kruuse Televet system
are validated for use in horses and have overcome many of the
early difficulties with contact, interference, and movement
(Figure 1-7).

Blood or Plasma Lactate Analyzers

The studies by Evans and Golland (1996) and Butudom et al.
(2010) have both documented the accuracy of the YSI lactate
analyzers for use in equine exercise physiology. Other portable
on-site lactate analyzers still used daily in equine research have
been shown to be less than accurate when compared with
benchtop standards or to the validated YSI analyzers or have
been shown to be accurate but with limited ranges of accuracy
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FIGURE 1-7 Televet electrocardiography (ECG) system (Kruuse, UK)
being used on a horse, Philip Leverhulme Equine Hospital, University
of Liverpool.

(Butudom et al., 2010; Evans and Golland, 1996). Some non-
lactate dedicated point-of-care analyzers have also been
shown to be accurate for use in equine research (Silverman and
Birks, 2002).

Plasma lactate values are 30% to 50% higher than whole
blood lactate values. However, because of great interindivid-
ual variation in lactate distribution between plasma and RBCs
after exercise and in the rate of lactate influx into RBCs, there
is no consistent relationship between the two lactate reser-
voirs (Poso et al., 1995). Recent evidence suggests that when
estimating the accumulation of lactate from exercising mus-
cle, whole blood lactate concentrations should be measured to
minimize any variations caused by factors that influence
transport of lactate from plasma into RBCs (Vaihkonen et al.,
1999). If whole blood is to be used, the sample should be
immediately deproteinized to halt postcollection production
of lactate within the RBC; however, storage at 0°C (32°F) for
up to an hour before deproteinization does not affect the lac-
tate concentration (Ferrante and Kronfeld, 1994). Whether
plasma or whole blood lactate is assessed, one method should
be adhered to by the laboratory or the investigator to reduce
variability in measurements.

Respiratory Gas Analyzers

Many original studies were published using large nonport-
able oxygen collection systems for determination of ventila-
tion and oxygen consumption (Bayly et al., 1987; Evans and
Rose, 1988). The problem with these systems is that they are
cumbersome and restricted to use in the laboratory setting.
Initial attempts at a portable respiratory measurement sys-
tem were troubled by insufficient reliability. Newer technol-
ogy has allowed the development of portable respiratory
measurement systems. These small self-contained systems
include a plastic airtight face mask and miniaturized porta-
ble analyzers that allow use of the system in field settings
such as galloping training for Thoroughbred racehorses (Art
et al., 2006). Twin low-resistance turbines are placed, one
over each nostril, to measure air flow from the nostril using
an electronic optic reader, which determines the number of
turbine rotations per second. The manufacturer specifies
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that the system has a linear response for ventilation from
0 to 5000 liters per minute (L/min), with resistance of each
nasal turbine of 0.7 cm H,O/L at a flow rate of 120 liters per
second (L/s). Expired air is sampled breath by breath from
a sampling port located at one of the nasal turbines to a
210-cm sampling line feeding into miniaturized oxygen and
carbon dioxide analyzers. Data can be relayed by telemetry
or stored for later downloading after the exercise is com-
pleted. This new portable system was shown to yield repro-
ducible results in one trial (Art et al., 2006). In a second
trial, results were comparable with an accepted reference
method of VO, determination at the walk, trot, canter, and
gallop in five healthy saddle horses (Art et al., 2006), but
there were differences in VCO,, Vg, and FETCO,, which be-
came “more marked with increasing exercise intensity and
more significant the higher the workload.”

Global Positioning System

The global positioning system (GPS) is used routinely for
obtaining locations and directions while driving a vehicle.
Several groups have recently published their works that exam-
ine the use of GPS technology to measure the speed and dis-
tances over which horses train in everyday settings (Gramkow
and Evans, 2006; Hebenbrock et al., 2005; Kingston et al.,
2006; Vermeulen and Evans, 2006).

Kingston and coworkers (2006) reported on the combined
use of GPS and HR monitors in assessing training load in
young Thoroughbred racehorses. Their intent was to deter-
mine the validity of using the GPS to measure work speed
as opposed to the traditional use of trainers’ stopwatches.
They reported that the GPS had a sample rate of once every
5 seconds with a variation in measured speed of up to 0.6%.
“The average speeds determined with the GPS system were in
agreement with average speeds timed by the trainer. How-
ever, peak speeds reached during training were significantly
greater than those estimated with stopwatch timing.”
The authors stated, “The results from this study show that a
GPS/heart rate monitor system provides a reliable measure of
daily workload in horses during training.” The investigators
concluded that this technology provides “an indication of
relative work intensity together with the means to download
and store such data. This information should be useful in
assessing responses to training....”

In a similar study on Thoroughbred racehorses in training,
Vermeulen and Evans (2006) showed that combining GPS
technology and heart rate monitors allowed determination of
traditional measures such as HR,,x, VHR,,,x, and Vygo. They
showed that VHR,,, was reliable regardless of the velocity,
and that VHR,,, and V,y increased with training. They
concluded that “velocity and HR measurements during field
gallop exercise provided reliable measures of fitness which
enabled a measurement of the response to training.... This
approach offers a simple, noninvasive method for monitoring
adaptations to training in the field.” In a second study from
the same laboratory using the same technologies (Gramkow
and Evans, 2006), Thoroughbred racehorses with higher
VHR,,,,x earned more money per start (r = 0.41, p <0.05) and
horses with VHR,,,, <14.5 m/s had mean per race earnings
<$2500. It was concluded that “field studies of the relation-
ship between HR and velocity with a GPS enable identification
of horses with limited earnings” and that “the technique has
potential application in commercial training environments
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assisting with decisions concerning racing careers of individ-
ual racehorses.”

The applicability of GPS technology is not unlimited. The
system works only outdoors and only when true signals are
obtained from and to the satellite; cloudy weather may impede
the signal. Although detailed records of a horse’s workout are
obtainable, someone must still expend the time and effort to
examine and make conclusions from the data obtained and
processed through the commercial software.

FUTURE OF EQUINE SPORTS MEDICINE

For generations, the care and training of athletic horses have
been based on tradition. This accent on horse husbandry con-
tinues to be a key to successful athletic performance, but
some of the principles of exercise physiology have found their
way into commercial training programs, as well as being avail-
able for use by specialized veterinary practices. An increase in
the training of research students in the exercise sciences has
provided, and will continue to provide, the knowledge base
and expertise for wide areas of the equine industry.

Much of the basic knowledge of the physiology and bio-
chemistry of equine exercise is now known. However, a great
deal of the available information is purely descriptive, and
therefore, considerable further research is required before
specific recommendations can be made about optimal training
methods or selection for performance potential. It is open to
debate whether the time and funds are available to reach these
goals. The high expectations for improved performance in
athletic horses as a result of the use of human athletic training
principles have given way to more modest hopes. Applica-
tions of the principles of exercise physiology have enabled,
and should enable, improved fitness of athletic horses and a
reduction in the incidence of limb injuries, which is currently
quite high.

Identifying the horse with outstanding physiologic poten-
tial for a particular competitive event prior to commencement
of training is one of the unrealized dreams of those involved
in equine exercise physiology. Although the various factors
associated with superior performance are well known, the
weighting of these and the potential for forecasting athletic
success from physiologic indices remain unknown. To under-
take a project to examine the predictors of performance, a
huge range of resources is required so that a large number of
weanlings and yearlings could be assessed and evaluated
against some objective indices of performance. This has such
obvious commercial ramifications that it seems likely that the
project will eventually be undertaken, although the results
may never be published.

CONCLUSION

The athletic horse is a remarkable animal, with both grace and
stamina. A high ratio of heart weight to body weight, large
mass-specific cardiac output, and substantial capacity for oxy-
gen carriage resulting from splenic erythrocyte release during
exercise all contribute to the potential of the athletic horse to
run at speeds up to 10 to 12 m/s for long distances and reach
peak speeds of 17.5 to 18 m/s. We need to better understand
the limitations to equine performance as well as the adapta-
tions that are possible for the wide range of equine competi-
tive activities.
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A more scientific approach to the application of training
methods shown to be effective in humans might both improve
the athletic ability of Thoroughbred horses and also reduce their
high incidence of injury. Indeed, human athletes benefit from
the input of a team of advisers, including coaches, trainers,
exercise physiologists, physiotherapists, and medical doctors.
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Besides appreciating their own athletic ability, humans,
uniquely, have also trained other animals to compete in
athletic events, stimulating scientific investigation of the athletic
capabilities of many other species, including the racehorse. This
chapter examines some different animal species involved in
athletic sports; it briefly considers historical aspects of that in-
volvement, the physiologic factors that might explain differences
in athletic ability among different species, and the nature of the
improvements in the athletic achievements of these different spe-
cies over the last century. This information provides insight into
those possible factors whose modification might enhance the
efficiency and success of training Thoroughbred racehorses.

MAIN ATHLETIC SPECIES

Of all the athletic species in the world, four have dominated
exercise physiology studies. These are (1) the athletic human,
(2) the racehorse, (3) the greyhound, and (4) the racing camel
(Figure 2-1). Of these species, the human athlete has received
the most attention and the greyhound and the camel the least.
The racehorse occupies an intermediate position.

Interest in the physiologic changes that occur during exer-
cise in humans began at the end of the nineteenth century.
By the early 1920s, scientists began to address practical ques-
tions, including the possible biochemical and physiologic causes
of the fatigue that develops during exercise (Gordon, 1925;
Hill, 1923). However, it was only from the late 1960s that re-
search in sports medicine and the exercise sciences began to
develop as a reputable academic discipline. Perhaps two key
reasons stimulating this development were (1) the trend toward
an increased interest in health internationally, and (2) the grow-
ing dominance of international sport by athletes from eastern
European countries, especially the former German Democratic
Republic (East Germany). The success of athletes from socialist
countries posed a challenge to the Western nations, especially
those from the United States, who were anxious that the per-
ceived superiority of the capitalist system in all spheres of
human endeavor should not be undermined. Thus, financial
and political support for sports-related research increased
in most Western countries, stimulating the rebirth of these dis-
ciplines on a global scale.

In contrast, the exercise sciences have received little finan-
cial and intellectual support in the horse racing community. In
his book, The Fit Racehorse, Tom Ivers (1983) has written that
“[the racehorse] industry honors the past more ferociously

*The authors acknowledge the work of T.D. Noakes on this chapter in the previous edition.

than it defends its own existence.” This ethos likely remains
true in the twenty-first century. It is very apparent that the
principal focus of the horse racing industry remains in its past,
that is, in examining the breeding history of the species, espe-
cially of its champions. Limited attention is paid to its future,
which should involve the application of scientific knowledge
and techniques to the study of horses and horse racing. As a
direct result, progress in equine exercise science research lags
behind human exercise research science by decades.

Perhaps there are two major reasons for the general lack of
interest that the horse racing community has for the applica-
tion of science to its industry. First, any new development, be
it a training technique, nutritional advance, apparatus, or drug
treatment, that may aid performance is seldom, if ever, ade-
quately evaluated in a scientifically valid manner. In part, this
may be because of financial pressures that induce artificial time
constraints. In their perpetual search for a “quick fix,” owners
and trainers eschew the protracted process necessary for ade-
quate scientific evaluation of these interventions. As a result,
no distinction can be made between quackery and interven-
tions that may be of real long-term value to the industry. This
is clearly to the ultimate detriment of the horse racing industry.

A second possible explanation is that in the majority of
races, the winning time is unimportant because there are no
additional financial rewards for record performances. Patrick
Cunningham (1991) wrote that “nobody is much interested
in improving the average racing times . . . what does it matter
if all horses race 10 percent faster?” Hence there is no incen-
tive to improve the performances of all racehorses progres-
sively and in a systematic manner.

THE HUMAN ATHLETE

Competitive racing for humans and horses shares a common
origin—the use of these species for transport. The Greeks and
the Romans used runners to deliver messages by foot, often
over long distances. This tradition continued in Britain in the
tenth century A.n. However, only from the seventeenth cen-
tury onward was running established as a competitive sport,
originating mainly in Britain (Noakes, 1992).

Distances

The very earliest human footraces were usually over extremely
long distances. It is recorded that a race of 237 kilometers
(km) (147 miles) took place in Rome during the Roman Em-
pire (Noakes, 1992). Recognized distances for modern foot-
races range from sprints of 100 meters (m) to ultramarathon
races of 1000 km or more, lasting many days. The top speeds
achieved by human sprinters exceed 36 kilometers per hour
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FIGURE 2-1 The four main athletic species showing the relative
maximum speeds during exercise. Maximum speeds in the different
species are 19 meters per second (m/s) (Thoroughbred horse), 16.6 m/s
(greyhound), and 10 to 11 m/s (human athlete and racing camel).

(km/h; 22 miles/h), whereas speeds of around 16 km/h (10 miles/h)
are more common in marathon races of up to 100 km and of
6 to 8 km/h (4 to 5 miles/h) in races of 1000 km or more.

THE EQUINE ATHLETE

Horse racing originated with the Bedouins of the Middle East,
who dehydrated their horses and trained them to race to the
nearest water hole. It was an event in the Greek Olympic
Games as early as 664 B.C. The first recorded race meeting in
Britain was in the twelfth century in London. However, it was
only in the late seventeenth century (circa 1665) that organized
Thoroughbred horse racing, as we now know it, first took place
in New York and in Newmarket, England (Kidd, 1976).

Distances

The earliest horse races were run over distances of 6 miles.
However, the distances of modern track races for Thorough-
breds vary from 1000 m for “sprinters” to the longer 3000- to
7000-m races for “stayers.” Endurance races of 80 to 160 km
(50 to 100 miles) and longer are also held over all types of
terrain. Quarterhorses race over 400-m tracks, attaining top
speeds of up to 70 km/h (44 miles/h).

THE RACING CAMEL

The camel is known for its endurance ability in hot, dry envi-
ronments. In the Middle East, specially bred camels are raced
over distances of 4 to 10 km and achieve speeds of approxi-
mately 36 km/h (22 miles/h) (Evans et al., 1992).

RACING DOGS: THE GREYHOUND

From as early as 1835, greyhounds were raced against each
other, sometimes in races involving as many as 64 participants
(Genders, 1990). In 1858, the sport was officially organized
with the formation of a governing body, the National Cours-
ing Club, in Britain.

DISTANCES

The length of greyhound races varies from 250 m sprints to
“long-distance races” of 600 to 1000 m. Dogs can reach
speeds of up to 60 km/h (37 miles/h) during races of up to
500 m.

RACING DOGS: THE HUSKY

The endurance ability and resistance to cold temperatures of
the husky and related species have long been recognized.
These dogs are the principal means of transport for polar
travel. The first races were held in Alaska in 1907 over 600 km
(400 miles) (Sayer, 1989). The most famous modern race is
the Iditarod, in which dogs race from Fairbanks to Nome in
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Alaska over 1050 to 1150 km. This race takes 8 to 14 days to
complete (www.iditarod.com/about/, 2011).

COMPARATIVE PHYSIOLOGY OF THE ATHLETIC
SPECIES

AEROBIC POWER OR VO,yx

Oxygen Consumption

In both humans and horses, measurement of oxygen consump-
tion allows calculation of energy expenditure at any specific
workload or running speed and gives an idea of an individual
horse’s efficiency or “economy of movement.” Maximal oxygen
consumption (VO,p,,) is the maximal amount of oxygen used
by the athlete during maximal exercise to exhaustion. VO is
sometimes referred to as the peak aerobic power.

In humans, there is a trend for the best athletes to have the
highest VO, values. Elite human athletes have VO,,,, values
ranging between 69 and 85 milliliters oxygen per kilogram
per minute (mL Oykg/min), whereas Thoroughbred race-
horses have VO, values twice as high, about 160 to 200 mL
O,/kg/min (Noakes, 1992; Rose et al., 1988).

Cardiac Output

Cardiac output (CO) is the volume of blood pumped by the
heart each minute and increases during exercise as a result of
an increase in both heart rate and stroke volume. During ex-
ercise, both these responses occur to a greater extent in horses
than in humans.

Resting heart rate (HR) values are in the low twenties in fit
horses, whereas values of 40 to 60 are more usual in athletic
humans under the same conditions. During exercise, maximal
HR values of between 240 and 250 beats per minute (beats/min)
have been recorded in racehorses, whereas maximal values in
the range of 180 to 200 beats/min are more common in athletic
humans (Evans and Rose, 1988; Noakes, 1992).

Thus, the Thoroughbred racehorse has the ability to in-
crease its HR almost 10-fold from rest to maximal exercise,
whereas in humans this range is of the order of three- to four-
fold. This difference contributes in large measure to the greater
VO,max of the Thoroughbred racehorse compared with the elite
human athlete.

The greyhound has a maximal heart rate of about 300 beats/
min, only a threefold increase from resting values (Snow,
1985). VO, in this species is in excess of 100 mL Oy/kg/min,
although this has proven difficult to measure.

The camel, in contrast, has the lowest VO, value (51 mL/
kg/min) of the four common athletic species, the horse, the
greyhound, the camel, and the human (Evans et al., 1992)
(Table 2-1). The racing camel can increase its HR fourfold from
a resting rate of about 33 beats/min to about 150 beats/min
during maximal exercise.

Stroke Index

The resting stroke index (SI, divided by body weight) for
horses is between 1.3 and 2.3 ml/kg, increasing to 2.5 to
2.7 ml/kg during maximal exercise (Physick-Sheard, 1985),
similar to the human resting value of 1.1 to 1.4 mlL/kg, which
increases to around 1.5 ml/kg during maximal exercise
(Ganong, 1985). Although the stroke index increases in both
humans and horses, the increase is, at most, of the order
of one- to twofold. Hence it is the much larger (fourfold to
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TABLE 2-1

Composition

Comparative Table for VO,n.x, Heart Rate, Peak Blood Lactate, Hematocrit, Stroke Index, and Muscle Fiber
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Coan e — o —
Human Athlete? Thoroughbred Racehorse Greyhound Dog® Racing Camel°
VO, max (ML O,/kg/min) 69-85 1609 100 51
Resting HR (beats/min) 40-60 20-30¢ 100 33
Max exercise HR (beats/min) 190 240f 300 147
Resting stroke index (mL/kg) 1.1-1.49 1.3-2.3f - -
Max stroke index (mL/kg) 1.59 2.5-2/7f - -
Resting hematocrit (%) 40-50 32-46 54h 33
Max hematocrit (%) 40-50 60-70 64" 36
Peak lactate (mmol/L) 15 30f 20 12

Muscle fiber composition Sprinters type Il >75%

Endurance type | >75%

Sprinters type [1°>80%

Type Il >75% Type | >70 %

Endurance type I1¥~30% - -

Data from *Noakes; "Snow; Rose and colleagues; “Rose and colleagues; *Snow and Vogel; Physick-Sheard; %Ganong; "Snow and colleagues; Evans and colleagues; McMiken; “Rose.

10-fold) increase in HR that is the main contributor to the
increase in CO during exercise in both racehorses and human
athletes.

Blood Oxygen Content

The hematocrit is the percentage of the total blood volume
occupied by red blood cells (RBCs). The human athlete main-
tains this hematocrit value at between 40% and 50% (Wilmore
and Costill, 1988). During exercise, in humans, the hemato-
crit tends to rise slightly as a result of a fall in the amount of
fluid, the plasma volume, in which the RBCs circulate. The
total number of RBCs contained in that volume may increase
only slightly during exercise in humans.

In contrast, the horse has the unique ability, specifically
during exercise, to release a large number of RBCs from the
spleen. As a result, the hematocrit of the horse can increase
from around 32% to 46% to 60% to 70% during maximal
exercise (Snow and Vogel, 1987). This ability dramatically
increases the oxygen-carrying capacity of the horse’s blood
during exercise. Greyhounds have high resting hematocrit
levels of about 54%; these increase to around 64% during
maximal exercise. It is not known whether this is caused by
the release of RBCs from the splenic reserve or results from a
decrease in plasma volume causing an increase in the concen-
tration of red blood cells (Snow et al., 1988). The hematocrit
of the racing camel increases from 33% at rest to 36% at
maximal exercise (Evans et al., 1992). Of the four athletic spe-
cies, the camel, therefore, has the lowest concentration of
RBCs. This, together with a relatively low maximum HR,
might explain the relatively low VO, of this species.

Some human athletes have attempted to mimic this
physiologic response by using an illegal technique known
as “blood doping.” In this procedure, RBCs are withdrawn
from the athlete and frozen. At some point, usually hours
before competition, the stored RBCs are reinjected, thereby
increasing the oxygen-carrying capacity of the blood and
potentially aiding performance (Buick, 1980). This proce-
dure appears to have limited effects in the horse, possibly
because of the innate capacity of the horse to increase the

packed cell volume (PCV) in response to exercise. Another
way to increase this effect is by using high altitude in train-
ing programs with the current recommendation of live high,
train low for altitude training in people. However, in both
humans as well as horses, the effects are relatively small and
not consistent (de Paula and Niebauer, 2010; Wickler and
Anderson, 2000).

The maximum arteriovenous oxygen difference, or (a-v)
DO,, measured in the horse during maximal exercise is only
very slightly greater than values measured in elite human
athletes under similar conditions. Thus, a larger (a-v)DO,
accounts for only about 23% of the greater VO, of the race-
horse compared with the elite human athlete; the much
greater CO and oxygen-carrying capacity of the blood
accounts for the other 77% (Physick-Sheard, 1985).

VO,max as a Predictor of Athletic Ability

Although VOyp is generally considered the best predictor
of athletic potential, there is evidence to dispute this belief
(Noakes, 1988). For example, although elite human athletes
do have high VO,.. values, so, too, do many less condi-
tioned athletes. Athletes with similar athletic abilities may
have quite different VOy.x values (Noakes, 1992).

The same relationship is found in racehorses, in which
there is no significant difference between the VO,,,,, values
of Standardbred (165-180 mL/kg/min) and Thoroughbred,
(164-200 ml/kg/min) horses. Clearly, if VO, was the
sole predictor of athletic ability, the value should be much
higher in Thoroughbred than in Standardbred horses.
Hence factors other than VO,,,,, must be important in de-
termining the superior athletic ability of the Thoroughbred
racehorse.

Two important factors are locomotive efficiency, which is the
oxygen cost per kilogram per kilometer traveled, and the per-
centage of VOypay that can be sustained during prolonged exer-
cise (Coetzer et al., 1993; Hammond et al., 1984; Noakes, 1992).
Subjects able to run at a higher percentage of their VO, for
longer periods exhibit superior fatigue resistance. For example,
the VOyma of the Thoroughbred racehorse is about three times
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greater than that of the racing camel, which is of similar mass
(Rose et al., 1992) (see Table 2-1). Yet the camel can exercise at
a very high intensity (100% VO, for a much longer period
than can the horse (18 min versus 3-5 min). Thus, the perfor-
mance of the camel in races lasting more than 10 to 15 minutes
is likely to be more similar to that of the racehorse because of the
former’s ability to exercise at a much higher percentage of VO,
for much longer despite a substantially lower VO, Hence, in
the assessment of an athlete’s potential, it is necessary to consider
not only the VO, but also the percentage of VOy,, that can be
sustained during prolonged exercise.

An important factor in determining success in human
runners and cyclists is economy of locomotion, or a lower
than average oxygen cost at any running or cycling speed
(Coyle et al., 1991; Noakes, 1992). This has yet to be evalu-
ated in racehorses and the other athletic species. However,
when comparing the oxygen cost of exercise in camels and
horses, it is clear that the oxygen cost per kilometer traveled
in camels is much less than in the horse, indicating superior
economy of locomotion.

Thus, the greater capacity for oxygen transport in the race-
horse is the result of a larger capacity to increase CO, with heart
rate being the main contributor; the greater oxygen-carrying
capacity of the blood during exercise; and finally, a small in-
crease in the capacity to extract oxygen in the active muscles,
measured as a greater (a-v)DO, (Evans and Rose, 1988).

BLOOD LACTATE RESPONSE TO EXERCISE

Both the horse and the dog are able to produce higher
peak blood lactate concentrations after maximal exercise com-
pared with humans (Rose et al., 1988; Snow et al., 1985)
(see Table 2-1). However, the correlation between muscle lac-
tate and pyruvate concentrations and the muscle pH is similar
in humans and horses, indicating a similar buffering capacity
(Harris et al., 1984). Also, respiratory compensation for
this metabolic acidosis increases 16-fold in both the horse
(100-2000 L/ min) and the human athlete (6-100 L/min).
Thus, the higher peak lactate concentrations after maximal
exercise in the horse are associated with lower muscle pH lev-
els than in human athletes (6.2 versus 6.6) (Costill et al., 1983;
Snow et al., 1985; Snow and Harris, 1987).

MUSCLE FIBERTYPES

There are two main muscle fiber types, classified as type I
(slow twitch, or ST) and type II (fast twitch, or FT). Type II
fibers are further subdivided into type Ila and type IIb fibers.
The ratio of type I to type II fibers is genetically determined.
Moreover, the muscle fiber type present in any individual may
predispose that individual to success in specific athletic ac-
tivities. Human sprinters have a majority (>75%) of type Il
fibers, whereas endurance athletes have a predominance
(>75%) of type I fibers (Noakes, 1992).

The muscle fiber composition of horses also varies accord-
ing to their athletic abilities. Endurance horses have a larger
percentage of type I fibers than do sprint horses. However, as
a species, the horse has a low percentage of type I fibers, with
a maximum of around 40% in endurance horses, compared
with human endurance athletes, who usually have more than
75% type 1 fibers (Noakes, 1992; Rose, 1986).

Although the proportion of muscle fibers is strongly ge-
netically controlled, training can alter the relative propor-
tions, at least to a limited extent. Especially, a transition of
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type 1IB to type IIA fibers, and vice versa, might occur,
depending on the training regimen (Essen-Gustavsson and
Lindholm, 1985; Tyler et al., 1998).

The racing camel has a large percentage of type I fibers
(70%), with the remainder being type Ila, with few or no
type IIb muscle fibers (Rose et al., 1992). Thus, the camel
is well suited to low-intensity endurance activities. In con-
trast to the camel and the racehorse, the greyhound has
an almost complete dominance of type II muscle fibers
(Snow, 1985)

RELEVANCE OF PHYSIOLOGIC TESTING

The main reasons for the physiologic testing of racehorses are to
predict their athletic capacity, to monitor improvements with
training, and to determine the likely causes for impaired exercise
performance. It is, therefore, important to ensure that the vari-
ables being tested in the laboratory will give information that is
of relevance to the clinical setting. For example, the human run-
ner has minimal external interference to his or her performance.
The same equipment is used on the track and on the laboratory
treadmill. In contrast, during competition, but not during labo-
ratory testing, the horse needs a jockey to control positioning
and speed. In addition, there is the racing tack, including the
bridle and the saddle, necessary for competition, and this intro-
duces variables that need to be considered in the laboratory
testing. Care must be taken when predictions of track racing
performance are made on the basis of laboratory measurements
of physiologic function during treadmill exercise in racehorses.

For example, studies have determined that oxygen con-
sumption measured in humans during treadmill running in the
laboratory is not significantly different from values measured in
the field (Basset et al., 1985). Because of the weight of the
jockey, the equipment, and the track conditions, it is not
known whether the same is true for horses. Thus, studies have
been performed in an attempt to identify all the possible vari-
ables that might influence the interpretation of laboratory test
results in racehorses. As in humans, it appears that maximal
oxygen consumption in the horse in the field is higher than in
the laboratory setting (Franklin et al., 2012).

HISTORY OF IMPROVEMENT IN RACING TIMES
IN THE DIFFERENT SPECIES

IMPROVEMENT IN RACING TIMES IN HORSES, DOGS,
AND HUMANS

Records in all athletic activities improve with time. However,
the athlete has to ultimately reach some limiting speed or
distance beyond which no further improvement is possible.
This stage has yet to be reached in any human athletic event,
although experts agree upper limits are close to being achieved
in several athletic disciplines. Rather, world records for all
events continue to improve. However, the rate of improve-
ment of these records differs in different sports and among the
different athletic species. To illustrate this difference, we ana-
lyzed the records of three famous athletic events contested by
three different species. All these races are run at roughly the
same exercise intensity (90-100% VO,pn.). These races are
the 1 mile (1609 m) foot race for humans, the Kentucky
Derby (1.25 miles, 2018 m) for Thoroughbreds, and the
Puppy Derby (460 m) for greyhounds. The slope of the regres-
sion lines in Figure 2-2 represents the rate of improvement in
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FIGURE 2-2 The winning times over the years for the human mile,
Kentucky Derby, and the greyhound Puppy Derby.

the winning times in the different events. The rate of progres-
sion of the winning time in the human foot race (0.42 seconds
per yard [s/yd) is four times greater than in the Kentucky
Derby (0.11 s/yr) and 11 times greater than in the Puppy
Derby (0.038 s/yd). Expressed as a percentage of the record
times in 1935, the rates of improvement per year for the dif-
ferent species in the different events are 0.17%, 0.09%, and
0.13% for the three species, respectively.

This comparison invites the following question: Why
should the rate of improvement of human athletic records be
superior to that of Thoroughbreds and somewhat better than
that of greyhounds? To answer this question, we need first to
consider the factors that determine racing performance and
how these may be influenced by different factors in the differ-
ent species.

FACTORS DETERMINING ATHLETIC ABILITY IN ANY
SPECIES

Athletic ability, regardless of sport or species, is determined
by three main factors: (1) genetics, (2) environment, and
(3) training.

Genetics

It has been said that the most effective way to become a cham-
pion athlete is to be selective when choosing one’s parents. A
measure of this genetic contribution to athletic ability is pro-
vided by studies of groups of identical twins, whose VO,
values are almost identical (R = 0.92) (Bouchard et al., 1986;
1992). Further, the endurance capacity of identical twins dur-
ing prolonged exercise is quite similar and is more similar
than is the endurance capacity of nonidentical twins, whose
performances are also more similar than those of brothers
(Bouchard, 1986). This indicates a strong genetic component
for athletic performance, estimated to be between 40% and
60% for VO, and endurance capacity, respectively.

Although genetic factors determine the ultimate limit of
each athlete’s performance, environmental and training fac-
tors determine how closely each athlete approaches that limit.
Paradoxically, unlike the human athlete, the Thoroughbred
racehorse has been bred with one objective—to run faster
than any other horse. The evidence provided in Figure 2-3,
however, suggests that careful breeding has failed to produce
the desired result.

Thoroughbred breeding records have been kept since 1791,
when James Weatherby established the Stud Book. Since then,
the breeding of horses has been recorded in elaborate detail.
Weatherby’s book indicates that just over 50% of all the genes in
the present Thoroughbred population come from only 10 horses
and 80% from 31 horses (Gaffney and Cunningham, 1988).
Thus, a very small genetic pool exists in the racing breed.

The first book including the breeding records of greyhounds
was published in 1882. Controlled breeding of greyhounds,
therefore, began much later than that of Thoroughbred horses.
Again, this question must be asked: If genetic factors are such
important determinants of athletic performance, especially in
Thoroughbred racehorses, why then has the breed with the
longest history of controlled breeding not made the greatest
improvements in racing performances? One explanation for
the slow improvement in the winning times of Thoroughbred
racehorses contends that inbreeding has led to a limited gene
pool, leaving little room for further improvement. Support for
this contention is the finding that between 1804 and 1910, the
winning times for certain Thoroughbred races improved more
rapidly than in subsequent years. The assumption is that as
the Thoroughbred breed has become progressively more
inbred, the potential for further improvement has decreased
(Cunningham, 1991).

To examine the effect of controlled breeding, Cunningham
(1991) used Timeform ratings as a measure of racing perfor-
mance in 31,263 3-year-old Thoroughbred racehorses. He
compared the Timeform ratings of half-brothers and half-sisters
with those of randomly selected groups and of parents and their
offspring with random pairings from two consecutive genera-
tions. He concluded that only 35% of the variance in ability is
explained by hereditary factors; the remaining 65% is attributed
to environmental factors such as training and nutrition.

If genetic factors explain only 35% of the variance in ath-
letic performance in Thoroughbreds, is it therefore appropriate
to expend so much time, money, and effort on selective breed-
ing? The answer is both yes and no. According to Gaffney and
Cunningham (1991), selective breeding contributes to an
increase of about 1% per annum in Timeform ratings. Other
research in the Quarterhorse also suggests that selective breed-
ing will continue to improve racing performances in future
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generations (Willham and Wilson, 1991). But perhaps the
most important practical point is that since genetic factors
explain less than 40% of a Thoroughbred’s racing potential,
and since that contribution is fixed at birth in any individual
horse, it follows that more attention should be paid to those
environmental and training factors that determine perfor-
mance and that can be actively and successfully modified.

Environment

Environmental factors that influence athletic performance
include all the equipment necessary to participate in the sport,
the surface on which the sport is performed, and the nutrition
of the athlete. The jockey adds an additional environmental
component that must be considered in the racehorse.

Athletic Nutrition

The aim of athletic nutrition is to meet the athlete’s energy
and nutrient requirements. Athletes consume 50% to 75%
more energy than nonathletes (Grandjean, 1989). Carbohy-
drate, fat, and protein form the three primary nutritional
fuels. All ingested foods are either used directly by the body
or converted and stored for later use. As a completely her-
bivorous animal, the horse has developed a digestive system
to break down vegetable cellulose. Thus, the equine athlete’s
nutritional processes and demands are far more complex than
those of the human athlete. The horse’s digestive system, like
that of all herbivores, operates with an intake limitation, func-
tioning optimally only at a certain fullness (Frape, 1988).

Therefore, to meet the energy demands of the racehorse
undergoing athletic training, the trainer must increase the
frequency of feeds instead of increasing only the amount of
food. Also, the energy density of the diet can be increased
(Lawrence, 1990). Both humans and horses use nonesterified
fatty acids (NEFAs) as the main fuel for muscles during rest
or when walking at a slow pace. This is shown by a resting
energy requirement (RER) of less than 0.8, indicating fat uti-
lization. As the exercise intensity increases, fats can no longer
supply the high rate of energy demands, and carbohydrates
become progressively more important as the energy source
(RER = 0.8-1.0). Carbohydrates are derived from muscle
glycogen or glucose transported in the bloodstream.

In the early 1920s, scientists realized that low blood glucose
concentrations were associated with fatigue in human athletes
(Levine et al., 1924) and that carbohydrate ingestion could rap-
idly reverse this fatigue. These findings suggested that human
athletes should eat a high-carbohydrate diet in the 24 hours
prior to a race and consume carbohydrates during long-distance
races (Gordon et al., 1925). Modern research has confirmed
these findings in human athletes (Coggan and Coyle, 1991), but
caution needs to be exercised in direct extrapolation of these
findings to horses because both diet and digestion are different
in horses. For more information, see Chapter 4.

The timing of precompetition meals may be of importance
to both humans and horses. Studies performed in human ath-
letes who ingested carbohydrate 45 minutes prior to exercise
showed that their blood glucose concentrations fell as a result
of increased serum insulin concentrations (Costill et al., 1977).
A similar study in horses that exercised 2 hours after a feed also
showed that blood glucose concentrations fell during subse-
quent exercise (Arana et al., 1988). Whether or not this fall
in blood glucose concentration impairs exercise performance
remains to be clearly established.
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The National Research Council (NRC) of North America
recommends that the dietary intake of horses in heavy athletic
training should contain 33% roughage and 67% concentrate.
The main source of carbohydrate is obtained from cereals and
hay, which also provide roughage. Horses in heavy training are
sometimes fed fats, in the form of soya bean or maize oils, as a
potential high source of energy. Concentrations of fat of up to
20% (in terms of calories consumed) of the diet have been
found to be tolerated by horses, even though the regular train-
ing diet contains only 1% to 2% fat. Human athletes are advised
to eat diets composed of 50% to 65% carbohydrate, 12% to 15%
protein, and 20% to 30% fat (Leaf and Friska, 1989).

Track Surfaces

Running surfaces often can contribute to injuries in both
equine and human athletes. Advances in the design of track
surfaces for racehorses have trailed behind advances made in
human athletics. For example, a “sprung” track tuned to the
specific biomechanical characteristics of the human body has
been developed and may reduce injury risk in human athletes
(McMahon and Green, 1979).

Equine racetracks traditionally have been either turf or dirt.
Each has its own drawbacks. Turf can withstand only limited
use, whereas dirt tracks rely on the soil type and moisture level
for optimal performance (Pratt, 1989). However, new advances
in hydrophobic (water-repelling) polymers have enabled coat-
ing of the sand particles. This innovation is preparing the way
for new equine racetracks, which may combine the benefits of
both turf and dirt tracks. Clearly, more needs to be done to
develop surfaces that reduce injury risk. This is critically
important given the large number of training injuries in
Thoroughbred racehorses.

Shoes

Advances in human sporting achievements have always relied
on equivalent technological advances in sporting equipment.
From lighter and more aerodynamic bicycle designs, exempli-
fied most recently by the Lotus bicycle raced to victory by
Chris Boardman in the 1992 Barcelona Olympic Games, to the
aerodynamically designed javelin that could be thrown so far
that the safety of the spectators was threatened, humans have
always searched for unique ways to improve their sporting
achievements. Perhaps the most visible modern development
has been the design of running shoes for humans. Running
shoes have become so sophisticated that there are now over
150 different shoe types to choose from. Since no man or
woman is anatomically identical, running shoe companies
have manufactured shoes to deal with this wide variety of
anatomic imperfections.

In contrast, the horse shoe has changed little during the
last century, yet lameness accounts for 70% of lost training
days in racehorses, with 80% of injuries occurring in the
front legs. This is caused by the nearly 5000-kg of force that
is transferred through the horse’s front legs when racing.
Thus, some horses may require novel innovations to soften
impact loading during training and racing. However, this
possibility has not been addressed until recently, with greater
attention being paid to the optimal training surfaces and
with introduction of a range of “shock-absorbing” horse
shoes, which have had some success in rehabilitating lame
horses (Grant et al., 1989). These shoes are made either
from an acetal resin or from polyurethane in place of the
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usual hard metal and are lighter than metal shoes. This is of
importance, since weight added to the hoof has been found
to affect the stride length of the horse. Aluminum horse
shoes were developed to decrease the weight of the shoe;
however, the durability of the shoe is inferior because of the
light-weight material now used.

Thus, some progress has been made in the development of
more advanced shoes for horses. However, there is a need to
increase this research effort so that horses may be at a lesser
risk of disabling injuries during both training and racing.

The Jockey

Unlike humans, the equine athlete’s positioning, speed, and
racing strategy are determined by the jockey. The jockey’s
weight, positioning, and experience play an integral part in
the sport. To succeed, the jockey must be an expert judge of
the horse’s pace and its capabilities.

The jockey represents not only added weight for the horse
but also additional surface area, which increases the overall
aerodynamic drag. It is in this area that the jockey can learn
from competitors in other high-speed sports, including cy-
cling and downhill ski racing. Competitors in these events
have discovered the value of wearing clothing and equipment
designed to reduce the aerodynamic drag. It is estimated that
25% of the horse’s energy is expended to overcome air resis-
tance at high speeds. Improvements in the aerodynamic pro-
filing of the jockey by paying attention to the jockey’s riding
position, equipment, and clothing would likely reduce this
percentage and could conceivably influence the outcome of
closely contested races. We should, therefore, expect more
attention to be paid to this area in the future.

Training

After genetics, training is the single most important variable
determining athletic success. An essential advantage en-
joyed by coaches of human athletes is that these athletes
can communicate ideas and especially sensations to their
trainers. Unfortunately, the equine trainer lacks the benefit
of direct feedback from the horse, so it is less likely that
training programs are ever absolutely specific to the unique
needs of individual horses. Since the elite athlete, whether
human or horse, always treads a fine line between peak
condition and overtraining, the absence of this feedback
complicates immeasurably the task of training. Neverthe-
less, exercise scientists have developed techniques to moni-
tor the effects of training, including monitoring of HR and
performance during specific workouts. It is vital that train-
ers and exercise physiologists work together so that this
knowledge from the human experience can be transferred
and applied, with benefit, to the training of horses. With the
wise application of scientific principles established in hu-
man athletes, the trainer and exercise physiologist working
together can bridge the “communication gap” and develop
specific training programs for individual horses that will
ensure that each achieves its optimal performance relative
to genetic abilities.

Training Methodology

With the advances that have been made in the human exercise
sciences, an ever-increasing interest has centered on improv-
ing training methods by scientifically evaluating the real
(as opposed to surmised, but untested) effects of different

training methods. Unfortunately, many trainers of either
horses or humans continue to use training methods that have
been handed down from generation to generation without
ever undergoing scientific validation. Worse, many trainers
are reluctant to innovate.

A traditional training method for Thoroughbred race-
horses consists of a single exercise session with one single
bout of exercise, for example, a run of 800 m. The intensity
and duration may vary from day to day, with an occasional
hard gallop or “breeze” at about racing speed. The distance
covered is usually shorter than the racing distance.

Interval training is a training method in which a single
exercise bout is divided into segments that vary according
to intensity, duration, and frequency. Interval training
was developed by the German athletics coach Woldemar
Gerschler in the 1930s. It is claimed that training of this
type will delay the onset of fatigue and strengthen the
weight-bearing structures, thereby reducing the risk of in-
jury. A few horse trainers have introduced some of these
techniques but, due to an inappropriately sudden transition
to a high-intensity training program in horses unprepared
for the change, the horses have experienced problems,
particularly lameness. This invites the question: Can horses
really be trained on the basis of the principles used by
human athletes?

Trainers of both humans and horses use a variety of differ-
ent training methods. However, most use a variation on a ba-
sic model that incorporates three phases, including some form
of interval training in the final, pre-competition phase. The
three phases are (1) a foundation phase, (2) a cardiovascular
or aerobic interval phase, and (3) an anaerobic interval phase
(Costill, 1986).

The foundation phase is probably the most important,
since it is in this phase that bones, tendons, and the muscular
system are strengthened; in equine terminology, this is re-
ferred to as continuous training or endurance training. During
this phase, a great deal of patience is required. Should the
phase not be completed properly for any reasons, injuries are
likely to occur subsequently. It is important that the training
load be increased gradually to prevent any sudden unusually
large demands on the horse. No competitive racing should be
undertaken during the foundation phase.

In phase II, the aerobic interval phase, the training volume
is maintained, but sessions of higher-quality, more-intensive
training are included. In these sessions, repeated runs at a
faster pace with brief rest intervals introduce the horse to
more intensive training (Figure 2-3). This allows the heart
rate to recover fully during the rest phase. There is debate
about the optimal length of the recovery phase. Costill (1986)
suggests that brief rest periods of as little as 5 to 15 seconds
should be used in human athletes. Phase 1I takes between
10 to 12 weeks in the horse.

Phase 1III, the anaerobic interval stage, is used to develop
the strength required for racing at top speed and to optimize
the development of coordinated neuromuscular functioning.
A high-intensity workout over short distances is performed.
The rest periods between exercise bouts must be of sufficient
length to facilitate HR recovery to about 60% to 70% of the
maximum HR (Figures 2-4). This phase is suggested to last for
about 6 weeks for horses (Harkins et al., 1990). However, it
should be used as a continual method for maintaining fitness
and racing condition throughout the competitive racing season.
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FIGURE 2-3 Aerobic or cardiovascular interval training and heart
rate response in the Thoroughbred horse.
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FIGURE 2-4 Anaerobic interval training and the heart rate response
in the Thoroughbred horse.

Interval training would seem to be of benefit to human and
equine athletes. However, more studies of the specific design of
training programs need to be completed so as to establish methods
that achieve the maximum training benefits with minimal injuries.
Studies also must be done to examine the effect of interval training
and a more gradual and delayed introduction to racing at an older
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he horse is a superb athlete, the result of the evolutionary
adaptations required to live as a species on open landscapes.

These have resulted in speed to escape predators and endurance
necessary in the search for nutrition. Selective breeding by
humans has further modified these evolutionary traits, and do-
mesticated horses have been selected for certain characteristics
dependent on intended use. Heavy breeds were selected for draft
or military work, whereas lighter horses were chosen because of
their speed and endurance. This has resulted in a myriad of
breeds and capacities of each. For example, Thoroughbreds can
achieve speeds of >65 kilometers per hour (kph) when racing
over 800 to 7000 meters (m), Standardbreds trot or pace at up
to 55 kph for up to 4000 m, Quarterhorses sprint over 400 m
(Y4 mile) at speeds approaching 90 kph, yet endurance horses
(Arabian) can cover 160 km at average speeds of approximately
25 kph. In contrast, draft horses pull sleds weighing >4000 kg
over 6 m and such breeds as Warmbloods may participate in
eventing, showjumping, and dressage competitions.

The athletic capacity of horses results from physiologic prop-
erties (see also Chapters 1 and 2), attributed in particular to:
1. High maximal aerobic capacity (VOjmay)
2. Large intramuscular stores of energy, particularly glycogen
3. High respiratory capacity of skeletal muscle
4. Splenic contraction, which results in the oxygen-carrying

capacity of blood increasing by up to 50% soon after the

onset of exercise
5. Highly efficient and adaptable gait(s)
6. Well-developed capacity for effective thermoregulation

Vertebrate locomotion requires the controlled integration of
numerous physiologic and metabolic pathways, which then
impact on the musculoskeletal system, providing the organism
with mobility. Perhaps the most important pathways are those
concerned with the production of energy, for without energy
muscles cannot contract and mobility is not achieved. Muscular
movement requires the transformation of chemical energy
stored in metabolic substrates or fuels to the kinetic energy of
muscular contraction. All pathways integral to energy supply
are concerned with the ultimate production of adenosine tri-
phosphate (ATP), the final carrier of energy “packages” utilized

*Portions of this chapter have been published in Back W and Clayton HM: Equine Locomotion, 2e,
Oxford, 2013, Elsevier, Ltd.

by muscles for contraction. For muscles to contract, there is a
coupling of thin actin and thick myosin filaments to form cross-
bridges, and then these filaments slide relative to each other by
a change in the orientation of the cross-bridges (Guyton, 1986;
see Chapter 12). This process is repeated millions of times dur-
ing muscular contraction. Energy is necessary for the change in
orientation of the cross-bridges to occur, and the energy comes
from the cleavage or hydrolysis of ATP at the head of each
myosin filament. The cleavage of a high-energy phosphate
bond from ATP is catalyzed by the enzyme myosin adenosine
triphosphatase (ATPase) and produces adenosine diphosphate
(ADP), free phosphate, a proton, and the release of energy
(Figure 3-1). The energy released is utilized by the working
muscle for contraction (Cain and Davies, 1962). In addition,
ATP is the source of energy required to restore the contracted
muscle to a relaxed or resting state via the distribution of
calcium ions (Astrand and Rodahl, 1986).

Under normal conditions, there is a finite store of ATP
within muscle, sufficient to maintain muscular activity for only
a few seconds (Astrand and Rodahl, 1986; Lindholm, 1979).
Therefore, for continuous muscular exertion, it is necessary to
resynthesize ATP, and this is done by the pathways of aerobic
(oxidative) and anaerobic phosphorylation (Figure 3-2).

PRODUCTION OF ENERGY
OXIDATIVE PHOSPHORYLATION

Oxidative or aerobic phosphorylation production of ATP via
aerobic pathways occurs within the inner membrane of mito-
chondria in a series of single oxidation reactions known as the
electron transport or respiratory chain. Oxidation is the donation
or loss of electrons (often in the form of hydrogen) from
an atom or molecule, whereas reduction is the acceptance of
electrons (hydrogen) by an atom or molecule. When electrons
are donated, considerable chemical energy is liberated, and a
portion of this energy is captured for the rephosphorylation
of ADP to ATP, with the remainder being lost as heat energy
(Guyton, 1986). Nicotinamide adenine dinucleotide (NAD) and
flavin adenine dinucleotide (FAD) act as hydrogen carriers
(acceptors) during glycolysis, beta (3)—oxidation, and the tricar-
boxylic acid (TCA) cycle and, therefore, are reduced to NADH
and FADH,. These coenzymes are essential for aerobic and
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FIGURE 3-1 Hydrolysis of adenosine triphosphate (ATP) to adenos-
ine diphosphate (ADP) by the enzyme myosin adenosine triphospha-
tase (ATPase), with the release of energy for use by working muscle.
P, Phosphate; Pi, orthophosphate.
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anaerobic phosphorylation, but their concentrations within the
muscle are low. Therefore, NADH and FADH, must be reoxi-
dized to NAD" and FAD via the electron transport chain.
Specific mitochondrial enzymes incorporated in the electron
transport chain catalyze the oxidation through a process of
dehydrogenation. The donated hydrogen atoms provide the
electrons that are transported from one enzyme complex to
another by electron carriers, for example, cytochrome c. The
importance of oxygen (O,) in this whole process is that it
acts as the final hydrogen acceptor to form water. The energy
released by the step-by-step transfer of electrons from NADH or
FADH, to O, via the electron carriers is used to pump protons
from the inner matrix of the mitochondrion into the outer
chamber between the inner and outer mitochondrial mem-
branes. This creates a strong transmembrane electric potential.
Energy for the phosphorylation of ADP to ATP is obtained as
the protons flow back through an inner membrane enzyme
complex called ATP synthetase (Guyton, 1986; Stryer, 1988).

The availability of O, to the exercising muscle is the rate-
limiting step for oxidative phosphorylation. Oxygen immedi-
ately available to the muscle at the onset of exercise, from
myoglobin within the muscle (MbO,), hemoglobin within
the circulatory system (HbO,) or O, dissolved in the body
fluids, is in sufficient quantities for only a few seconds of
exercise. Therefore, the delivery of O, to the exercising
muscles via the cardiorespiratory system is crucial for the
capacity to continuously produce energy via aerobic means.

The two major electron donor substrates for aerobic phos-
phorylation are carbohydrates (CHO) and fatty acids. Glucose is
the main CHO, and if it is not used for immediate energy produc-
tion, it is stored as glycogen, mostly in skeletal muscle and to a
lesser extent in the liver (Hodgson et al., 1983, 1984; Lindholm,
1979). Adipose tissue constitutes the largest store of fatty acids
(FA) (Robb et al., 1972; Stryer, 1988). Adipocytes store fat within
their cytoplasm as triglycerides. Triglyceride storage also occurs
to a much lesser extent in muscle (Lindholm, 1979).

AEROBIC GLYCOLYSIS

The importance of CHO as a substrate for energy production
increases as exercise intensity increases (Hodgson et al., 1985;
Lawrence, 1990). Glucose diffuses into the muscle cell cyto-
plasm from the circulation and is phosphorylated to glucose-6-
phosphate (G-6-P) in a reaction catalyzed by the enzyme
hexokinase (HK) and requiring one ATP molecule. G-6-P is then
transferred into the glycolytic pathway for immediate energy pro-
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duction or reversibly converted to glucose-1-phosphate (G-1-P)
and then glycogen for storage. Glycogen stores provide most of
the glucose required for energy production during exercise. In
the glycolytic pathway, G-6-P is phosphorylated to fructose-6-
phosphate (F-6-P), which is then phosphorylated to fructose-
1,6-bisphosphate (F-1,6-BP) in a reaction catalyzed by phospho-
fructokinase (PFK) and at the expense of one ATP molecule.
F-1,6-BP is subsequently split into the triose phosphate isomers,
glyceraldehyde-3-phosphate (Gl-3-P) and dihydroxyacetone-
phosphate (DiH-P). DiH-P is readily converted into GI-3-P by
triose phosphate isomerase (TPI). Therefore, one molecule of
glucose or glycogen gives two molecules of Gl-3-P. GI-3-P then
proceeds through a series of reactions, the end result being the
production of pyruvate, ATP, NADH, water, and hydrogen ions.
The net reaction for the glycolytic pathway utilizing glucose is:

Glucose + 2Pi + 2ADP + 2 NAD" — 2 Pyruvate + 2 ATP
+ 2NADH + 2H" + 2H,0

Under aerobic conditions, the hydrogen atoms are transferred
to the electron transport chain, and pyruvate is transported into
the mitochondrial matrix as a substrate for acetyl coenzyme
A (acetyl CoA). Acetyl CoA then enters the TCA cycle by com-
bining with oxaloacetate to form citrate. The normal function
of the TCA cycle requires three NAD* and one FAD to accept
hydrogen atoms during the oxidative conversion of citrate back
to oxaloacetate. When O, is available, the NADH and FADH, are
then reoxidized back to NAD* and FAD in the electron transport
chain, thus replenishing the adenine dinucleotide stores and
producing ATP (see Figure 3-2). The complete aerobic utilization
of one mole of glucose generates 36 to 38 ATP When O, is not
available, pyruvate is converted to lactate as described later.

FATTY ACID UTILIZATION

Following lipolysis, nonesterified fatty acids (NEFAs) are
released into the circulation and are subsequently available
as hydrogen donors for energy production in skeletal muscle.
NEFAs likely diffuse into muscle cells down a concentration
gradient as well as being actively transported across the cell
membrane. At the cytoplasmic surface of the outer mitochon-
drial membrane, the NEFAs are esterified (activated) enzymati-
cally forming long-chain acyl CoA molecules. The acyl CoA
molecules are then linked to carnitine and shuttled across to
the matrix side of the inner mitochondrial membrane. In the
mitochondria, the acyl CoA molecules undergo a series of four
reactions known as B-oxidation. With each cycle of B-oxidation
two-carbon (C,) units are sequentially removed from the acyl
CoA molecule and acetyl CoA, NADH, and FADH, are produced
(see Figure 3-2). NADH and FADH, subsequently donate their
electrons in the electron transport chain, generating ATP and
being reoxidized to NAD" and FAD in the process. Acetyl CoA
is utilized in the TCA cycle as previously described. The splitting
of C, units from the parent acyl CoA molecule is repeated until
the whole chain has been cleaved into the acetyl CoA molecules.
The number of carbon atoms in the parent FA chain will deter-
mine the net energy yield from -oxidation. Complete oxidation
of one palmitic acid molecule produces 129 molecules of ATP

ANAEROBIC PHOSPHORYLATION

The pathways of anaerobic phosphorylation occur solely in
the muscle cell cytoplasm, with no reactions in the mito-
chondria as there are for aerobic phosphorylation. With the
initiation of exercise, there is a lag period before oxidative
energy production becomes an important source of ATP.
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FIGURE 3-2 Schematic representation of the principal components of glycolysis, fatty acid oxidation,
and the tricarboxylic acid cycle in a muscle cell. Adenosine triphosphate (ATP), guanosine triphosphate
(GTP), uridine triphosphate (UTP), adenosine diphosphate (ADP), adenosine monophosphate (AMP),
coenzyme A (eoA), orthophosphate (P), pyrophosphate (PP), glucose-l-phosphate (G-1-P), glucose-
6-phosphate (G-6-P), fructose-6-phosphate (F-6-P), fructose-1,6-diphosphate (F-1,6P), nicotinamide-
adenine-dinucleotide (NAD), flavin-adenine-dinucleotide (FAD), glycogen synthetase (GS), glycogen
phosphorylase (GP), hexokinase (HK), phosphofructokinase (PFK), fructose diphosphatase (FDPase),

and lactate dehydrogenase (LDH) are shown.

During this time, rapid supplies of ATP must still be available
if muscular contraction is to continue. Stores of ATP in skel-
etal muscle are limited (4-6 millimoles per kilogram [mmol/
kgl wet muscle) and contribute little to the total energy sup-
ply (Lindholm and Piehl, 1974; McMiken, 1983). Until aero-
bic phosphorylation makes a substantial contribution to en-
ergy supply, rapid regeneration of ATP must occur in the
absence of O,. The anaerobic phosphorylation of ADP is
achieved by three pathways: (1) the phosphocreatine reac-
tion, (2) the myokinase reaction, and (3) anaerobic glycoly-
sis. The former two pathways may be described as anaerobic
alactic reactions because no lactate is produced as it is in the
latter process (Clayton, 1991).

Phosphocreatine Reaction
In this pathway, the enzyme creatine kinase catalyzes a
reversible reaction where creatine phosphate (CP or phospho-
creatine) donates its high-energy phosphate to ADP produc-
ing ATP:

CP + ADP —- Creatine + ATP

In the gluteus medius muscle of Standardbreds, the size of
the CP pool is estimated to be 15 to 20 mmol/kg wet muscle
(Lindholm and Piehl, 1974; Lindholm, 1979). This source
of ATP replenishment would support maximum intensity
exercise for no more than a few seconds (Astrand and Rodahl,
1986; Clayton, 1991).
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Myokinase Reaction

The myokinase enzyme catalyzes the synthesis of ATP and
adenosine monophosphate (AMP) from two ADP molecules:

ADP + ADP — ATP + AMP

At rest, this reaction proceeds at an approximately equal rate
in both directions with little net ATP being produced. In work-
ing muscle, AMP-deaminase reduces AMP concentration by
converting it to ionosine monophosphate (IMP) and ammonia.
This provides the driving force for the myokinase reaction to-
ward the production of ATP (McMiken, 1983). Again, this path-
way only has the capabilities of providing small amounts of ATP.

Anaerobic Glycolysis

The anaerobic production of two molecules of pyruvate from
one molecule of glucose or glycogen is identical to that de-
scribed for aerobic glycolysis. In the absence of available O,,
pyruvate accepts hydrogen atoms from NADH and is converted
to lactate, rather than being converted to acetyl CoA and enter-
ing the TCA cycle. The reaction is catalyzed by lactate dehydro-
genase, and the regeneration of NAD* during the reduction
of pyruvate to lactate sustains glycolysis under anaerobic con-
ditions (see Figure 3-2). The net result of anaerobic glycolysis
is the production of three molecules of ATP from one molecule
of glycogen or two molecules of ATP from one molecule of
glucose. This form of energy production is relatively rapid com-
pared with aerobic glycolysis but yields a significantly lower
amount of ATP, and substrates are limited.

REGULATION OF AEROBIC AND ANAEROBIC PATHWAYS

At all exercise levels, both systems of energy supply are active;
however, one will predominate, depending, in particular, on the
intensity and duration of the activity. A complex method of
metabolic regulation controls the input of each pathway. Sub-
strate and enzyme availability, end product concentrations, and
various feedback mechanisms contribute to pathway dynamics.
Oxygen supply to muscles and the ratio of ATP to ADP are the
most significant regulators of the energy producing pathways.
Although there is adequate O, available, aerobic phosphorylation
persists, providing a driving force for substrate to enter the TCA
cycle and produce high concentrations of citrate. Citrate retards
the activity of PFK, the enzyme responsible for the irreversible
conversion of F-6-P to F-1,6-BP in the glycolytic pathway. This
has the effect of inhibiting the metabolism of glucose and glyco-
gen. Accumulation of glycolytic intermediates before the PFK
step, including G-6-P, inhibits the activities of HK and phos-
phorylase, thus also dampening the glycolytic pathway. High
cellular concentrations of ATP (i.e., a high ATP:ADP ratio) also
inhibits PFK activity. Pyruvate kinase, the enzyme which converts
phosphoenolpyruvate to pyruvate, is the third control site in gly-
colysis. Pyruvate kinase is inhibited by ATP and activated by
F-1,6-BP. When the relatively slow production of energy by oxida-
tive phosphorylation is unable to meet the demands for ATP, the
ATP:ADP ratio swings in favor of ADP, and this, in turn, stimu-
lates PFK and enhances glycolysis and the utilization of glucose
and glycogen stores. The pyruvate produced is metabolized to
lactate, and this allows the reoxidization of NADH to NAD™" for
continued electron acceptance in the glycolytic pathway.
Control of the TCA cycle starts with regulation of the irre-
versible oxidative decarboxylation of pyruvate to acetyl CoA by
pyruvate dehydrogenase (PDH). Acetyl CoA, NADH, and ATP
inhibit PDH activity. Once acetyl CoA is formed, its combina-
tion with oxaloacetate to produce citrate is inhibited by high
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concentrations of ATP. At least two other sites in the TCA cycle
have regulatory mechanisms that respond to the cellular con-
centrations of ATP. Overall, the rate of the TCA cycle is reduced
when abundant ATP is present, but it should also be remem-
bered that the TCA cycle operates only under aerobic conditions
because of the constant need for NAD* and FAD, regenerated
or reoxidized from NADH and FADH, by the transfer of their
electrons to O, during oxidative phosphorylation.

The rate of oxidative phosphorylation is regulated by
the cellular ADP concentration. This is known as respiratory
control. For electrons to flow through the electron transport
chain to O,, the simultaneous phosphorylation of ADP to ATP
is usually required. When ATP is utilized, ADP concentrations
increase; therefore the rate of oxidative phosphorylation
increases, that is, if an adequate O, supply is available. So,
oxidative phosphorylation is coupled to ATP utilization via
the relative ADP concentration.

Enzymes in the B-oxidation pathway are inhibited by
NADH and acetyl CoA; however, the rate of FA oxidation is
determined greatly by substrate availability.

ENERGY PATHWAY CONTRIBUTIONS IN THE EXERCISING
HORSE

The duration and intensity of exercise determine the metabolic
requirements of muscle. At any given time, the most effective
combination of the various energy-producing pathways will
occur; again, it should be emphasized that no form of exercise
by the horse is entirely aerobic or anaerobic in nature.

At the initiation of exercise, the immediate source of energy
is locally available ATP. As previously noted, this supply of ATP
is limited and rapidly depleted; therefore, for exercise to con-
tinue, ATP must be replenished by other processes. Creatine
phosphate and the phosphocreatine pathway provide the next
rapidly available ATP source; however, this energy supply
is also of limited capacity (McMiken, 1983). The myokinase
reaction provides a further means of regenerating ATP, but it is
restricted to certain muscle fiber types and is used in anaerobic
exercise only when these fibers are recruited (Meyer et al.,
1980). The myokinase reaction is believed to have a minor role
in energy production overall.

The glycolytic pathway with the production of pyruvate and
lactate provides the main ongoing ATP source and reaches peak
metabolism within about 30 seconds of the onset of exercise.
The delay in maximal glycolytic output is possibly caused by the
multiple and complex reactions required (McMiken, 1983). The
large stores of glycogen in equine muscle (Hodgson et al., 1984,
Lindholm, 1979; Lindholm and Piehl, 1974; Lindholm et al.,
1974; Nimmo and Snow, 1983) allow this pathway to provide an
early consistent source of energy, but still there is a finite limit to
this substrate.

Aerobic mechanisms for ATP replenishment represent the
most efficient means of substrate production. However, it is
the slowest pathway to respond to exercise demands, owing to
the cardiovascular lag in supplying O, to the cells and the intri-
cacy of the reactions. Oxidative processes are in full production
within 1 minute after the onset of exercise, and then muscular
energy is more likely to be dependent on the rate of O, trans-
port to the cells rather than substrate availability (McMiken,
1983). In fit racehorses, the time to peak energy production via
oxidative processes can be as short as 20 seconds, especially
following warm-up (Tyler et al., 1996).

At rest and during low-intensity exercise (walking and
trotting), aerobic pathways provide most energy requirements




after the initial lag period. At this exercise intensity, the ratio
of ATP to ADP will be high; PFK will, therefore, be inhibited
and B-oxidation of fatty acids will provide the main method
for ATP regeneration (Hodgson et al., 1985; Lawrence, 1990).
Such is the case during endurance rides, in which case, it is
well recorded that blood concentrations of nonesterified fatty
acids (NEFA) increase and the glycogen utilization rate is low
(Hodgson et al., 1983; Hodgson et al., 1985; Lucke and Hall,
1980; Snow et al., 1982) (Table 3-1 and Table 3-2).

As exercise intensity increases, ADP accumulates, and this
stimulates anaerobic glycolytic energy production and a
dramatic increase in the use of CHO substrates (see Table 3-1).
Galloping and bursts of intense exercise such as during polo
games and jumping rely heavily on anaerobic energy supply.
The self-limiting nature of anaerobic power output (substrate
exhaustion) means the horse can only maintain maximal speed
for about 600 to 800 m. After this distance, energy supply falls
back to the slower aerobic pathways, necessitating a reduction
in speed of exercise (Hodgson et al., 1985; McMiken, 1983).

ENERGY SUBSTRATES

Scientific data on the relationship between nutrition and equine
performance has occupied the attention of many researchers in
recent years; however, it is difficult to design controlled experi-
ments that only isolate nutritional influences on performance.
Subtle, yet important effects of nutritional alterations may

TABLE 3-1 -

Rates of Glycogen Utilization in Horses Performing
Various Types of Athletic Activities (Adapted from Hodgson,

1985.)

- - N SN | Cenupm 1 G e T
Type of Exercise Average Speed (m/min) Glycogen*
ENDURANCE RIDE
40 km 187 1.47
110 km 173 0.41
160 km 180-135 0.69
THREE-DAY EVENT
Cross-country 293 (range 220-690) 4.08

phase (23.1 km)

TROTTING

4 hr 300 0.507(2.0)
1hr 500 0.175%(7.0)
5 min 750 15.0%(60)
RACING

506 m 870 149.4
800 m 920 191.9
1025 m 846 129.3
1200 m 960 126.5
1600 m 756 66.5
3620 m 684 18.8

Note: At speeds greater than 500 to 600 m/min, intensity of exercise is such that aerobic phosphorylation
is unable to meet all the energy needs of the working muscle; therefore, anaerobic glycolysis plays a
major role in the supply of energy. As a result, glycogen utilization at these speeds and greater increases
dramatically.

“Millimoles glucose units per kilogram muscle per minute (dry weight).

"Millimoles glucose units per kg muscle per min (wet weight). Approximate figures for dry weight values are
presented in parentheses
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TABLE 3-2 -

Mean Plasma Nonesterified Fatty Acid Concentration
in Horses Performing Various Athletic Activities (Adapted
from Hodgson, 1985.)

- - Bt B B B B S
Mean Plasma NEFA
Type of Exercise Concentration (pmol/L)
80 KM ENDURANCE RIDE
Pre-exercise 47
Postexercise 1254

THREE-DAY EVENT
(CROSS-COUNTRY PHASE)
Pre-exercise 156

After steeplechase and

roads and tracks section 586
After cross-country section 324
GALLOPING (1.2 KM)

Pre-exercise 246
Postexercise 279

go undetected, partly because the power of statistical studies
is limited by the small numbers of horses often used in experi-
ments (Hintz, 1994). The relationship between energy and exer-
cise is complex and inseparable. The amount of energy required
depends on the type and duration of activity and the horse’s
body weight. Maintenance digestible energy (DE) requirements
are linearly related to body weight (Pagan and Hintz, 1986a).
During submaximal exercise energy expenditure is exponen-
tially related to speed and proportional to the body weight of the
riderless horse or the combined weight of the horse plus rider
(Pagan and Hintz, 1986b). The method used by Pagan and
Hintz (1986b) for calculating energy requirements was based
only on the amount of work performed and may not account for
any follow-on demands for energy in recovery that the work
bout stimulates (Lawrence, 1990).

The stores of major fuels in the horse for muscular contrac-
tion are outlined in Table 3-3 as calculated by McMiken
(1983). It is clear that “fast” energy stores (i.e., ATP, creatine
phosphate, and glycogen) are limited despite the high capac-
ity for glycogen storage in equine muscle. The primary dietary
sources of energy stores for the horse are soluble and fiber
derived CHOs and fats. Protein is considered to play a minor
role as an energy source.

TABLE 3-3 -
Energy Stores (Adapted from McMiken, 1983.)
- - N SN | Cenupm 1 G N
Energy
FUEL KILOJOULES (KJ) KILOCALORIES (KCAL)
Adenosine 38 9
triphosphate (ATP)
Creatine phosphate 188 45
Glycogen 75,300 17,988
Fat 640,000 152,889

Note: These values are estimations for a 500 kg horse with a muscle mass of 206 kg (approximately 55 kg
being locomotor muscles), adipose tissue of 25 kg, and a liver of 6.5 kg.



24 SECTION 11

Carbohydrates

Absorbed CHO is immediately available as an energy source in
the form of blood glucose. Muscle and liver are the reservoirs
where excess CHO is stored as glycogen. Numerous studies
have documented the depletion of muscle glycogen stores that
occurs with exercise in the horse. The rate and percentage of
depletion that results is a function of the intensity and duration
of exercise. Muscle glycogen utilization per minute is greatest
at faster speeds over shorter distances (Hodgson et al., 1984,
Nimmo and Snow, 1983) (see Table 3-1), but the total percent-
age of glycogen depletion increases with increasing duration of
exercise (Hodgson et al., 1983; Snow et al., 1981; 1982). Liver
glycogen stores are also depleted significantly during exercise
(Lindholm et al., 1974; Lindholm, 1979).

Fat

Assimilated fats are stored as triglycerides (uncharged esters
of glycerol) in adipose tissue and muscle. Quantitatively, adi-
pose tissue constitutes the largest energy store in the body
(see Table 3-3). Triglyceride concentrations in muscle are
considerably less than in fat (Lindholm, 1979). The triglycer-
ides are highly concentrated stores of energy because they are
reduced and anhydrous (Stryer, 1988). The initial event in
the utilization of triglycerides as an energy substrate is their
hydrolysis by lipases to glycerol and free fatty acids (FFA).
Lipolysis is stimulated by epinephrine, norepinephrine, glu-
cagon, and adrenocorticotrophic hormone and inhibited by
insulin. Glycerol is converted in a number of steps to GI-3-P,
which is an intermediate in both the glycolytic and gluconeo-
genic pathways. The FFAs undergo (-oxidation and enter
the TCA cycle as previously described. Oleic, palmitic, and
linoleic acids represent the major FAs in the horse (Robb
etal., 1972).

Fat has been shown to be the major energy substrate during
low-intensity exercise. This is best evidenced by a decrease in
the respiratory exchange ratio (R) (McMiken, 1983; Pagan
et al., 1987; Rose et al., 1991) and an increase in plasma NEFA
concentrations (Essen-Gustavsson et al., 1991; Lindholm,
1979; Rose et al., 1980) that occurs with prolonged submaxi-
mal exercise. R is calculated by dividing the volume of carbon
dioxide (CO,) expired by the volume of O, consumed during
exercise. R values around 0.7 indicate fat utilization, whereas
for CHO utilization, the value is 1.0. Values within this range
reflect various mixtures of FA and CHO metabolism. When
anaerobic metabolism predominates, R values will exceed 1.0
because lactate production is high, thereby adding to the CO,
load to be eliminated.

TABLE 3-4

Effects of Dietary Alterations on Energy Substrate Utilization

PHYSIOLOGY OF EXERCISE AND PERFORMANCE

Protein

Digested protein is absorbed from the small intestine as amino
acids and small peptides. When amino acids are available in
excess of the animal’s requirements, they may be broken down
to provide energy. Degradation by deamination or transamina-
tion reactions occurs mostly in the liver, with the final prod-
uct being acetyl CoA for utilization in the TCA cycle. Leucine,
a branched-chain amino acid, may undergo oxidation directly
in muscle (Lawrence, 1990). The contribution of amino acids
to energy production during exercise is minor compared with
that of CHO and FA (Astrand and Rodahl, 1986), perhaps in
the range of 1% to 15% (Lawrence, 1990). High-protein diets
(up to 16%) were once thought necessary to sustain the per-
formance of mature equine athletes, but now it is considered
that approximately 10% protein in the diet is adequate
(see Chapter 4).

EFFECTS OF DIETARY ALTERATIONS ON ENERGY
SUBSTRATE UTILIZATION

Many published reports have described the effect that altering
components of the normal diet has on substrate utilization
and performance in the horse. The consumption of large
amounts of digestible CHO within a few hours of strenuous
activity may depress the performance of that exercise (Astrand
and Rodahl, 1986). This is possible because insulin-stimulated
uptake of blood glucose results in hypoglycemia, a greater
dependence on muscle glycogen, and, therefore, earlier onset
of fatigue. Free FA mobilization is also inhibited by insulin
(Frape, 1988). The effects of consumption of CHO or fat
before or during exercise on metabolism are summarized in
Table 3-4.

However, a lack of available CHO during submaximal exer-
cise can also limit performance; there is strong evidence sup-
porting the use of high CHO diets in humans for endurance
exercise. In humans, muscle glycogen loading was achieved by
performing intense exercise and then consuming a CHO-rich
diet (Lindholm, 1979). Current practice is to combine a pro-
gram of decreased activity with increased CHO consumption a
few days before competition to achieve a glycogen load. Glyco-
gen loading in horses has been accomplished, but no obvious
improvement in work performance has been demonstrated
(Frape, 1988; Lawrence, 1990; Snow, 1994; Topliff et al., 1983;
1985). Intravenous, but not oral, glucose supplementation
has increased glycogen repletion rates after exercise (Davie
et al., 1994; 1995). Although glycogen loading is not recom-
mended in the horse, adequate CHO intake must still be
ensured (Hintz, 1994). A low CHO diet and regular exercise

TN W

Food Type Effects on Carbohydrate Metabolism

Effects on Fat Metabolism

Other Effects

Increased insulin, decreased blood
glucose, increased glycogenolysis

Starch/glucose

Fats Increased citrate, decreased phosphofruc-

tokinase, decreased glycogenolysis
Glucose during exercise Increased glycemia

Glucose (intravenously)
after exercise

Increased glycemia

Decreased lipolysis Decreased endurance and speed?

Glycogen sparing?
Extends endurance time?

Increased rate of glycogen
resynthesis



lead to glycogen depletion and decreased performance in
horses (Topliff et al., 1983; 1985). In a study in which fit
Standardbreds were exercised strenuously for 3 consecutive
days to achieve a 55% depletion of the muscle glycogen store,
anaerobic, but not aerobic, capacity was seen to be impaired
(Lacombe et al., 1999). However, the association between gly-
cogen depletion and impaired anaerobic metabolism is not
conclusive as confounding effects of other exercise-induced
changes on performance could not be eliminated (Lacombe
et al., 1999). When muscle glycogen was depleted by 22%,
there was no significant effect on the performance of Thorough-
breds exercising at high intensities (Davie et al., 1996). A CHO
supplement taken an hour or two before exercise does not seem
to benefit endurance performance, but intake of glucose during
exercise may supplement waning plasma concentrations and
delay the onset of fatigue (Lawrence, 1990).

The beneficial effects of feeding high-fat diets to horses on
substrate utilization and performance remain controversial,
although benefits for horses with problems such as recurrent
tying up and gastric ulceration are unequivocal. Differences in
the condition of the horses, type of exercise, the length of the
adaptation period to the diets, the type of fat used as the
supplement, and the level of fat supplemented, particularly
in relation to CHO, make comparing the published results
difficult. Many variations in study designs influence the re-
sults. Feeding an increased level of fat is suggested to cause
metabolic adaptations that permit horses to preferentially
utilize fat and spare glycogen during exercise, but the evi-
dence to support such a proposal is inconclusive (Hintz,
1994; Lawrence, 1990; Snow, 1994).

Interest in amino acid requirements of the performance
horse is growing, and there is a suggestion that improvements
in oxidative capacity can be brought about by certain amino
acid supplements (Hintz, 1994; Lawrence, 1990). Higher-than-
necessary protein diets are often fed to performance horses, but
studies to demonstrate that this practice enhances exercise
capabilities are lacking (Lawrence, 1990). In the case of CHO-
rich and fat-rich diets, plasma concentrations of glucose,
ammonia, lactate, alanine, and the muscle concentrations of
G-6-P and lactate were higher at the end of exercise, compared
with normal diets (Essén-Gustavsson et al., 1991). Higher pre-
exercise muscle glycogen concentrations and FFA concentra-
tions were present when horses were fed a CHO-rich diet
compared with the fat-rich and normal-diet fed periods. No
significant difference in performance during trotting at sub-
maximal intensity on a horizontal treadmill was detected be-
tween the three diets (Essén-Gustavsson et al., 1991) with the
average time to fatigue being 51 to 56 minutes. Whether or not
the diets would alter performance in shorter or longer exercise
periods remains unanswered. The effects on protein metabo-
lism need to be further investigated as both the CHO-rich and
the fat-rich diets, compared with normal diet, were associated
with significant increases in branched-chain amino acids in
plasma during and at the end of exercise (Essén-Gustavsson
etal., 1991). The resting plasma concentration of the branched-
chain amino acids was increased by 26% with the fat-rich diet
but only by 8% with the CHO-rich diet. A 9% (control) or
18.5% (high) crude-protein diet had no effect on hepatic or
muscular glycogen utilization and did not affect exercise per-
formance in Quarterhorses exercising at submaximal intensities
(Miller-Graber et al., 1991). Performance of Arabian endurance
horses was not augmented by excessive protein in the diet
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(Hintz, 1983). In contrast, Standardbreds fed a high-protein
diet (20%) or high-fat diet (15% soybean oil) showed greater
muscle and liver glycogen utilization during prolonged exercise
than when fed a control diet of 12% crude protein (Pagan et al.,
1987). During higher-intensity, shorter-duration exercise, gly-
cogen utilization was less when horses were fed high-protein or
high-fat diets.

The timing of feeding and what to feed before exercise have
considerable influence on the metabolic and physiologic
responses to exercise (Harris and Graham-Thiers, 1999;
Lawrence et al., 1995). In one study, it was concluded that
feeding only hay shortly before exercise would not adversely
affect performance but feeding grain would and that grain
therefore should be withheld (Pagan and Harris, 1999).

Of course, many other nutritional components not dis-
cussed in this chapter may play roles in equine performance.
These include water, electrolytes, acid—base balance, minerals,
and vitamins. For more information see Chapter 4.

ENERGY EXPENDITURE
AEROBIC POWER OR OXYGEN UPTAKE

The oxygen consumed by the body at a given time is a mea-
sure of the body’s total aerobic metabolic rate and is termed
the oxygen uptake (VO,). Units of measurement are usually
milliliters of oxygen per kilogram of body weight per minute
(mL/kg/min) or liters per minute (L/min), therefore repre-
senting a rate of consumption and not a finite capacity. The
maximum rate of oxygen uptake is called the VOy,,. Oxygen
consumption by the body is principally a function of the car-
diorespiratory system to supply O, and the capacity of end
organs to utilize O,. The sequence of events is described as the
oxygen transport chain (see Chapter 1). It is influenced by the
O, concentration in the air, ventilation of the lungs, diffusion
of O, through the alveolar wall, circulatory perfusion of the
lungs and affinity of hemoglobin (Hb) for O,, distribution of
O, to the periphery by the circulation, extraction by the end
organ (muscle) and, finally, O, utilization by the mitochon-
dria. A large number of physiologic variables contribute to the
capacity of the O, transport chain.

Oxygen Uptake at Rest and during Submaximal Exercise

At rest, VO, is in the order of 3 to 5 ml/kg/min or 1.5 to
2.5 L/min for a 500 kg horse (Thornton et al., 1983). It can
be difficult to accurately obtain a basal VO prior to exercise as
often horses are excited in anticipation of impending activity.
Therefore, a resting VO, level of 2 ml/kg/min may be more
realistic. During submaximal exercise, a number of factors
will influence the level of VO,, including speed of exercise,
load being carried, degree of incline on which exercise is
being performed, duration of exercise, thermoregulation, and
track surface.

Speed

There is a well-established linear relationship between VO,
and the speed of exercise at submaximal intensities in horses
(Evans and Rose, 1987; 1988; Hornicke et al., 1983; Hoyt and
Taylor, 1981; Rose et al.,, 1990) and humans (Astrand and
Rodahl, 1986). When speed increases such that VO, is
approached, this linear relationship is lost as VO, plateaus
and anaerobic sources of energy production become signifi-
cant. In addition, if horses exercise at unnatural (extended or



26 SECTION 11

restricted) gaits, the linear relationship will be lost due to a
loss in economy of locomotion (Griffin et al., 2004; Hoyt and
Taylor, 1981; Preedy and Colborne 2001; Wickler et al., 2001)
(Figure 3-3 and Figure 3-4).

Load

Few equine sports are performed without the horse carrying
an extra load in the form of a rider or driver. Oxygen consump-
tion (or energy expenditure) increases in proportion to the
load carried (Gottlieb-Vedi et al., 1991; 1997; Pagan and Hintz,
1986b; Taylor et al., 1980; Thornton et al., 1987). Taylor and
colleagues (1980) reported that when a 10% load was added
to the horse when trotting, VO, increased approximately by
10%, and this direct proportionality was consistent for loads
between 7% and 27% of the horse’s body mass. A direct pro-
portionality between load and VO, was also demonstrated in
trotting rats, trotting and galloping dogs, and running humans
(Taylor et al., 1980). As a consequence, small animals use
more O, and expend more energy to carry each gram of a load
a given distance than do large animals, be it their own body
mass or an additional load carried. Pagan and Hintz (1986b)
demonstrated that a 450-kg horse with a 50-kg rider would
expend the same amount of energy as would a 500-kg horse
carrying the same weight. Thornton and colleagues (1987)
found no significant difference between loaded and unloaded
horses in the O, cost per kilogram per meter traveled. The
increase in VO, due to load is achieved largely by an increase
in ventilation until maximum tidal volume is approached
(Thornton et al., 1987), and this is readily explained by the
close and linear relationship between VO, and pulmonary
ventilation (Gottlieb-Vedi et al., 1991; Hornicke et al., 1983).
The implications for racing performance should be considered.
Compared with a heavier horse, a horse of less mass will expend
proportionally less total energy to move the same distance.

Slope and Terrain

The degree of incline on which exercise is being performed has
a significant impact on VO,. For Standardbreds, trotting on a
6.25% inclined treadmill at an average speed of 5.2 meters
per second (m/s), VO, increased from a mean of 17.7 L/min on
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FIGURE 3-3 The relationship between aerobic capacity (VO,) and
speed and maximal oxygen uptake. Horses exercising on a treadmill
set at a 10% incline demonstrate the linear relationship between
speed and VO, up to the speed where maximal oxygen uptake is
reached (in this case at 175 mL/kg/min at 12 m/s). Once maximal
oxygen uptake is attained, further increases in speed will not elicit
any further increases in VO, and the extra energy required to run at
these speeds must be provided by anaerobic pathways.

PHYSIOLOGY OF EXERCISE AND PERFORMANCE

the flat surface to 31.1 L/min on the slope (mean change
of 13.4 /min (76%, p < 0.001) (Thornton et al., 1987). The
addition of a load when doing the inclined exercise did not
significantly add to the O, cost of the exercise. Thoroughbreds
exercising on a treadmill at speeds of 1 to 13 m/s also showed a
substantial increase inVO, when the treadmill slope was ele-
vated from 0% to 5% and 10% (Eaton et al., 1995a) (Figure 3-5).
Exercising on a 10% slope can double the energy expenditure at
some speeds. When trotting on a treadmill at an incline over a
range of speeds, VO, max is higher than with level running
(McDonough et al., 2002), and a greater volume of muscle
would have to be recruited to generate an equivalent force
for body support, which is reflected in significant increases in
the electromyography (EMG) intensity (IEMG) of muscles
(Wickler et al., 2005).

Wickler et al. (2004) found that in the horse, the costs of
swinging the limbs are considerable and that the addition of
weights to the distal limb can have a profound effect on not only
the energetics of locomotion but also on the kinematics, at least
in the hindlimb. Thus, they proved that the use of weighted
shoes, intended to increase animation of the gait, increases the
metabolic effort of performance horses to a disproportionate
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FIGURE 3-4 Economy of locomotion. The oxygen cost to move a unit
distance (rate of oxygen consumption divided by speed) declined to a
minimum and then increased with increasing speed in a walk and trot.
It also declined to a minimum in a gallop, but the treadmill did not
go fast enough to make it possible to observe any increase at higher
galloping speeds. The minimum oxygen cost to move a unit distance
was almost the same in all three gaits. The histogram shows gaits
when a horse was allowed to select its own speed while running on
the ground. The three speeds chosen coincided with the energetically
optimal speed for each gait. (From Hoyt DF and Taylor CR: Gaitand the
energetic of locomotion in horses, Nature 292:239-240, 1981)
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FIGURE 3-5 The effect of slope on aerobic capacity (VO,). Horses
exercising on a treadmill increase VO, as the incline of the treadmill
increases. At some speeds, exercising on a 10% incline will double the
energy expenditure compared with exercise on the flat (¢ = 0%
incline; m = 5% incline, and 0 = 10% incline).

amount. The additional mass also increases the joint range of
motion and, potentially, the likelihood of injury.

The terrain of endurance rides and cross-country tracks in
3-day events ensure that much work up and down gradients
will be performed, and this will play a large role in determin-
ing energy expenditure. Little investigation has been done
with regard to the effect of a downhill gradient on energy
expenditure in horses; in humans, however, the energy cost of
moving down a slope decreases up to a certain steepness and
then becomes more expensive compared with level exercise
(Astrand and Rodahl, 1986). A similar response is likely for
the horse.

Track surfaces may affect the economy of locomotion due
to altered stride patterns (change in frequency and length of
stride) in slippery, uneven or “heavy” conditions. Quantifying
track effects on energy expenditure is difficult, but Thorough-
breds and endurance horses have longer race times in heavy
conditions. Different treadmills also influence the energy cost
of locomotion: It costs less energy for horses to walk, trot, or
canter on a stiffer treadmill than on a more compliant tread-
mill (Jones et al., 2006).

Duration

The effect that duration of exercise has on VO, has not been
frequently investigated. Rose and Evans (1986) monitored
cardiorespiratory and metabolic alterations during 90 minutes
of submaximal exercise in Standardbreds. The horses trotted
on a slope of 2% at 3 m/s. Many respiratory variables were
measured, including VO,, which reached a steady state within
5 minutes of the start of exercise and remained stable for the
duration of the exercise period. Oxygen consumption from
5 minutes onward did not alter significantly until a slight
decrease was identified at 90 minutes. It was proposed that
fluid and electrolyte losses in the sweat, contributing to ther-
moregulatory and circulatory problems, would be key factors
in the horse’s ability to perform endurance activity (Rose and
Evans, 1986). Naturally, the intensity of exercise will be a
determinant of the duration of any activity.

Temperature

The effect of temperature on VO, will be a consequence of
any impedence that thermoregulation may have on energy
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demands. Redistribution of cardiac output to skin for heat
dissipation, fluid shifts, and metabolic disturbances may all
contribute to a less-efficient O, transport chain and, therefore,
diminished performance (see also Chapter 8). The optimal
temperature range for O, utilization has yet to be established.

Rider

It has been reported that major horse race times and records
improved by 5% to 7% around 1900 when jockeys adopted a
crouched posture. When animals carry loads, there is a pro-
portionate increase in metabolic cost, and in humans, this
increase in cost is reduced when the load is elastically coupled
to the load bearer. Pfau et al. (2009) showed that jockeys
move to isolate themselves from the movement of their
mounts, which would be difficult or impossible with a seated
or upright, straight-legged posture. This isolation means that
the horse supports the jockey’s body weight but does not have
to move the jockey through each cyclical stride path. This
posture requires substantial work by jockeys, who have near-
maximum heart rates during racing.

Maximum Aerobic Power

When VO, no longer increases despite an increase in workload,
the horse is defined as having reached VO,,,,. This value rep-
resents the maximum or peak aerobic power (see Figure 3-3).
In humans, VO, has been considered the “gold standard” by
which prolonged exercise capacity can be judged. Thorough-
bred horses have mean VO, values around 160 mL/kg/min
(Evans and Rose, 1987; Rose et al., 1990).

The horse’s tremendous ability to achieve a higher VO, .
compared with other athletic species is related to its massive
heart rate (HR) response and ability to substantially augment
its circulating red blood cell mass, and therefore oxygen-
carrying capacity, during exercise (Thomas and Fregin, 1981;
see Chapter 2). In horses, a positive correlation between
running speed and VO,u,, has been described, and this
correlation became stronger as the distance ran increased
(Harkins, 1993). It has been suggested that faster horses utilize
more oxygen during maximal exercise intensity. In addition,
there is anecdotal evidence of a relationship between VOypayx
and racing performance, although this has yet to be proven.

ANAEROBIC POWER

Anaerobic energy supply becomes significant when exercise
intensity is at a level beyond that which aerobic pathways
alone can accommodate. The faster glycolytic pathways may
be recruited under one of two conditions: (1) when energy
demand increases so rapidly that the slower aerobic systems
cannot match the supply rate required and (2) when the total
energy demand exceeds what the aerobic pathways are capa-
ble of supplying at peak capacity. Workloads at intensities
beyond that provided for by VOy.x have been referred to as
supramaximal intensities. This level of energy utilization is
experienced by racing Thoroughbreds, Standardbreds, and
Quarterhorses during competition. Shorter duration races, for
example, Quarterhorse 400 m sprints, rely predominately on
the rapid supply of energy by anaerobic means. Anaerobic
power is considered a finite capacity and not a rate because
the supply of substrates for anaerobic phosphorylation is lim-
ited. Factors that influence anaerobic capacity include muscle
concentration of high-energy phosphates, muscle glycogen
concentration and rate of glycogenlysis, percentage of type 11
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(especially type IIB or type 1I1X) muscle fibers, muscle fiber
area (which is larger for type II muscle fibers), and muscle
buffering capacity.

Theorizing that anaerobic capacity is a function of the area
of type 1I fibers in the locomotor muscles, McMiken (1983)
stated that to measure maximal anaerobic capacity, one should
calculate the type II fiber area and the activities of anaerobic
pathway enzymes in the muscle. Maximum accumulated
oxygen deficit (MAOD) has been investigated as a measure of
anaerobic capacity in horses (Eaton et al., 1992; Eaton et al.,
1995b) following preliminary studies indicating its usefulness
in humans (Mebg et al., 1988; Scott et al., 1991). Oxygen deficit
refers to the deficiency in VO, that occurs at the commence-
ment of exercise until the responding cardiorespiratory system
meets the O, demand of the tissues. The total O, deficit that
accumulates during exercise at supramaximal intensities is
the MAOD, and this is the difference between the O, demand
and the actual VO, achieved. The O, demand is calculated by
extrapolating from the linear relationship between VO, and
speed at submaximal intensities (Figure 3-6). To determine
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FIGURE 3-6 Determination of maximum accumulated oxygen defi-
cit (MAOD). A, Initially, the aerobic capacity (VO,) versus speed plot
is generated by performing a standardized incremental exercise test
on an inclined treadmill. The high maximal aerobic capacity (VO3 )
is 175 ml/kg/min, and for this horse to exercise at an intensity of
125% of VOymax, by extrapolation, it can be seen that the VO, demand
would be 219 mI/kg/min. To exercise at this supramaximal intensity,
the horse would need to run at 15 meters per second (m/s). B, This
figure demonstrates the relationship between VO, and time for the
horse exercising at 125% of VOypay. The previously calculated oxygen
(O,) demand is drawn in as the dotted line at 219 mL/kg/min. At the
onset of the exercise, there is a lag in VO,, but it quickly reaches
VOimax The exercise ceases when the horse can no longer keep pace
with the treadmill. The difference in the O, demand and the actual O,
uptake is defined as the MAOD and is a measure of the anaerobic
capacity.
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MAOQD, horses on a treadmill are rapidly accelerated to speeds
equivalent to supramaximal intensities (defined as a percent-
age of VO, . measured in a previous exercise test and extrapo-
lated from the VO, versus speed plot). The VO, is measured at
frequent intervals until the horse becomes fatigued. The area
between the O, demand and the VO, curve is the MAOD
(Eaton et al., 1995b) (see Figure 3-6).

For exercise intensities requiring 105% to 125% VO,
the MAOD was similar at 31 mL O, equivalents per kilogram
of bodyweight, but the proportion of energy supplied by
anaerobic processes increased from 14% to 30% (Eaton et al.,
1995b). VOyynay Was not correlated to MAOD, which suggested
that anaerobic capacity is unlikely to be dependent on the rate
of O, uptake. Eaton and colleagues (1995b) proposed from
their results that anaerobic energy supply would contribute
less than 30% of the total energy input in Thoroughbred and
Standardbred races, which is considerably lower than previ-
ously suggested (Bayly, 1985). The use of peak blood or
plasma lactate concentrations as an indicator of anaerobic
capacity appears limited because of the many variables that
affect lactate concentrations, including rates of flux between
fluid compartments (Evans et al., 1993).

In humans, the power versus time-to-fatigue (P:TTF) rela-
tionship has been used as an accepted method for assessing
anaerobic work capacity, and this relationship has now been
investigated in horses (Lauderdale and Hinchcliff, 1999). In
humans, the relationship is best described by the hyperbolic
equation:

t = W9/(P 20,,)

where t is the time to fatigue (s); P is power (watts); Dp, is
power asymptote, or critical power, which represents the
maximum sustainable power output or anaerobic threshold,
and W9 is a constant representing anaerobic capacity or
the finite amount of work that can be performed above @py
(Figure 3-7). Similar to that in humans, the P:TTF relation-
ship in Standardbreds is best represented by a hyperbolic

Time-to-fatigue (s)

~<— Opp

Power (W)
FIGURE 3-7 Schematic of the hyperbolic relationship between power
(P) and time-to-fatigue (t) represented by the equation t = W/(P2QPA).
W’, anaerobic capacity; @ps, critical power; power units = watts (W).



function; however, the technique needs to be validated against
the more traditional MAOD measure of anaerobic capacity
before its usefulness in horses as a predictor of fitness and
anaerobic capacity can be investigated (Lauderdale and
Hinchcliff, 1999). The P:TTF does not require collection
of respiratory gases or blood for its calculation, and this may
be an advantage over the more intensive effort required to
measure blood lactate concentrations or determine MAQOD.
However, currently, a high-speed treadmill test and multiple
high-intensity exercise tests are still prerequisites, as the abil-
ity to calculate the P:TTF relationship in field trials has yet to
be determined. For any measure of anaerobic capacity in the
horse, the relationship that exists between performance and
anaerobic capacity remains to be examined.

Anaerobic Threshold

Anaerobic threshold is defined as the level of work or VO,
consumption just below that at which metabolic acidosis and
the associated changes in pulmonary gas exchange occur
(Wasserman et al., 1973). It represents the transition during
which anaerobic means of energy supply becomes important
during exercise. In humans, this level of work has been
correlated with a blood lactate concentration of 4 mmol/L
(Astrand and Rodahl, 1986). As exercise intensity increases,
lactate accumulation in the circulation rises in an exponential
manner. Hence, the anaerobic threshold has also been
described as the onset of blood lactate accumulation (OBLA).
The velocity or intensity of work at which a blood lactate
concentration of 4 mmol/L (Vi,4) is reached has been used
to assess the relative fitness of horses and humans and their
response to training (Auvinet, 1996; Persson, 1983; Thornton
et al., 1983). The V|44 increases with training (Eaton et al.,
1999; Thornton et al., 1983); in general, the higher the V|4,
the fitter is the horse (Rose and Hodgson, 1994).

Anaerobic threshold and OBLA are determined during an
incremental exercise test. Anaerobic threshold is identified by
the point of nonlinear increase in respiratory variables such as
minute ventilation and CO, production (Wasserman et al.,
1973). It is assumed that this point is highly correlated
with the OBLA, but this may not be the case (Astrand and
Rodahl, 1986).

POSTEXERCISE OXYGEN CONSUMPTION

At the cessation of exercise, O, continues to be consumed
above basal rates as it declines in an exponential manner to
resting levels. This is referred to as excess postexercise oxygen
consumption (EPOC) or oxygen debt (Figure 3-8). The EPOC
may only account for a small fraction of the net total O, cost
(NTOC) of exercise. In humans, during exercising at 30% to
70% of VOypax for up to 80 minutes, the EPOC was only 1%
to 8.9% of the NTOC of the exercise (Gore and Withers,
1990). In the only comprehensive study to date in horses,
Rose and colleagues (1988) measured O, debt as the area
under the O, recovery curve following a bout of exercise to
fatigue at an intensity equivalent to 120% of VO, Oxygen
debt represented nearly 52% of the NTOC, which is dramati-
cally higher than that in the previously quoted study of
humans. This can be attributed, in part, to the very different
exercise intensities performed in the two studies and the
relative fitness of the subjects.

EPOC is considered to have an initial fast phase and then
a slower phase. In the horse, these phases were shown to be
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FIGURE 3-8 Oxygen deficit and oxygen debt. At the start of exercise,
there is a lag in oxygen uptake relative to the energy demand; this “lag”
is termed the oxygen deficit. Thus, in the early stages of exercise, the
energy demand is met by O, stores within the body and anaerobic en-
ergy supply. At the cessation of exercise, metabolism does not immedi-
ately return to resting levels; this postexercise period is characterized
by excessive postexercise oxygen consumption (EPOC), also termed
the oxygen debt (blue shading = oxygen deficit; red shading = excessive
postexercise oxygen consumption).

completed in 1.4 and 18.3 minutes, respectively, after supra-
maximal exercise (Rose et al., 1988). The fast phase is associ-
ated with the resaturation of myoglobin and hemoglobin and
the replenishment of the high-energy phosphagen pool (CP and
ATP). Perhaps less than 1.5% of the EPOC was required to
restore the muscle CP pool in the horse, and this occurred at a
slower pace than may have been expected (Rose et al., 1988).
Postexercise tachycardia and tachypnea would also contribute
small components to the EPOC because of increased consump-
tion of O, by the myocardium and respiratory muscles until
resting levels are reached. The slow phase is associated with the
oxidation of lactate that accumulates during exercise. However,
not all the lactate that is metabolized is accounted for by
the EPOC, and some of it is utilized in gluconeogenesis and
amino acid synthesis. A poor relationship existed between the
restoration of muscle metabolites to pre-exercise levels and
the recovery of VO,. Muscle and plasma lactate concentrations
remained elevated after 60 minutes of recovery whereas VO,
had returned to near pre-exercise levels (Rose et al., 1988).

A number of other factors considered associated with
EPOC, including exercise-induced hyperthermia, have not
been quantified in the horse.

ENERGY PARTITIONING

As mentioned above, energy supply is not derived from one
source because of the integration of aerobic and anaerobic path-
ways. During low-intensity exercise, virtually all the energy
requirements will be met by aerobic mechanisms, and this
would be the case in endurance rides. Sports requiring sudden
bursts of activity (e.g., jumping and polo) or sustained high-
intensity performance (e.g., racing) will require an increased
anaerobic energy component.

At the start of supramaximal exercise, the reserves of
oxygen (in the lungs, hemoglobin, and myoglobin), as well
as stores of ATP and phosphocreatine in muscle, will provide
the immediate supply of energy for exercise lasting for a few
seconds. As the exercise continues, the anaerobic processes
that utilize glycogen will provide energy, and as the duration
of exercise increases, the aerobic pathways will become more
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important. The intensity of exercise at which aerobic ATP
production fails to meet energy demands and anaerobic
processes commence will vary, depending on a range of
factors. The most important is the rate of O, delivery to
the exercising muscle. Other factors include mitochondrial
density, catecholamine levels, intracellular enzyme concentra-
tions, prior training, nutritional status, warmup, and the rate
of increase in the workload.

The proportion of energy derived from aerobic versus
anaerobic sources further highlights the importance that
VOmax may have on equine athletic performance, since in
most competitive events aerobic energy delivery predominates.
During a run at a speed eliciting an intensity of 125% VO pax
and lasting for nearly a minute, the majority of the energy
(70%) was supplied aerobically (Eaton et al., 1995b). This
intensity can be compared with a sprint race of 1000 m. In
humans, the anaerobic capacity assumes a more substantial
role, contributing 50% of the energy supply in supramaximal
exercise of 1-minute duration, corresponding to an intensity
of 175% VOyma (Hermansen and Medbg, 1984). From these
data, it can be suggested that horses that are considered sprint-
ers still rely on aerobic energy delivery. Apart from the initial
acceleration period, horses in longer races (e.g., 3200 m)
provide a substantial proportion of their energy requirement
via aerobic pathways. It is only in races of very short duration
(i.e., 400 m lasting around 20 to 22 seconds) that anaerobic
sources predominate (Figure 3-9).

ECONOMY OF LOCOMOTION

The economy of locomotion refers to the net energy cost in
milliliters of O, per kilogram of body weight per meter traveled
(mL Oykg/m). It is independent of speed and load (or body
weight). There are conflicting reports on the values for econo-
mies of locomotion, but the importance of gait in these studies
needs to be recognized. Horses on treadmills may be forced to
work at defined speeds and, in doing so, utilize extended or
restricted gaits that might alter the true cost of locomotion they
would otherwise naturally incur if allowed to control their own
pace. Thornton and colleagues (1987) have reported values of
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FIGURE 3-9 Energy partitioning. Estimates of the proportion of energy
that is derived from aerobic and anaerobic pathways during competitive
events (light shading = anaerobic contribution; dark shading = aerobic
contribution).
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0.122 mL Oy/kg/m for speeds of 4.5 to 6.25 m/s and 0.124 mL
Oy/kg/m for speeds of 6.5 to 8.14 m/s obtained on a horizontal
plane. These results are similar to the 0.133 mL Oy/kg/m that
can be derived from the results of Taylor and coworkers (1980)
for a 119 kg pony working at 3.11 m/s. Eaton and colleagues
(1995a) recorded a range of 0.10 to 0.16 mL Oy/kg/m at speeds
of 5 to 13 m/s on a horizontal treadmill. Exercising on a posi-
tively inclined treadmill will increase the O, cost of work by
about 2 to 2.5 times that measured on a flat plane, depending
on the steepness of the slope (Eaton et al., 1995a; Thornton
et al., 1987). When averaging a range of speeds for each gait,
Hornicke and colleagues (1983) reported higher values for the
walk (0.21 mL Oy/kg/m) and for the trot and gallop (0.19 mL
Oy/kg/m) for horses exercising on the track. By averaging the
economies of a number of speeds, a higher O, cost can be ex-
pected as values will include less efficient gait velocities than
that at which the horses may be required to exercise (Hornicke
etal., 1983).

It is well documented that horses will choose a gait at any
speed that results in the least possible expenditure of energy
(Griffin et al.,, 2004; Hoyt and Taylor, 1981; Preedy and
Colborne, 2001; Wickler et al., 2001). Ponies (110-170 kg)
were trained to walk, trot, and gallop and to extend their gait
on command on a treadmill. Rates of O, consumption in-
creased curvilinearly with speed for walking and trotting. The
maximum speed of the treadmill prevented sufficient data
from being obtained for galloping velocities. Gait transition
occurred at speeds when the O, consumption was similar for
the two gaits, but when the ponies were forced to exercise at
an extended gait beyond the normal range of speeds, O, con-
sumption was higher (Hoyt and Taylor, 1981). Thus, there was
a speed for each gait where the energy cost of locomotion was
minimal, and this cost was similar for the walk, trot, and gallop
(Hoyt and Taylor, 1981) (see Figure 3-4). So, at the optimal
speed of each gait, the amount of energy consumed to move
a given distance is much the same. When a horse was allowed
to move at its natural pace freely, it did so by selecting
speeds within each gait around the most energy efficient speed
(Hoyt and Taylor, 1981). The optimal value for economy was
similar to the 0.122 to 0.133 mL Oy/kg/m values derived else-
where for flat treadmill exercise (Taylor et al., 1980; Thornton
etal., 1987).

Stride frequency is a logarithmic function of walking speed
in all species, a linear function of trotting or running speed,
and nearly independent of speed in galloping. Griffin et al.
(2004) found that the absolute walk—trot transition speed
increased with size, but it occurred at nearly the same speed-
to-length ratio. In addition, horses spontaneously switched
between gaits in a narrow range of speeds that corresponded
to the metabolically optimal transition speed. These results
support the hypotheses that the walk—trot transition is trig-
gered by inverted-pendulum dynamics and occurs at the
speed that maximizes metabolic economy. At the trot-gallop
transition, horses are hypothesized to change from spring
mechanics to some combination of spring and pendulum
mechanics, changing the slope of metabolic rate versus speed,;
this differs from that of other species where a linear relation-
ship is maintained (Hoyt et al., 2006).

The effects of training and athletic activities on horses are
subject to the needs to be considered with regard to the
economy of locomotion. Endurance horses forced to use ex-
tended gaits for prolonged periods may become fatigued more



rapidly than if they were to move at their natural speed for
each gait. The development of unnatural gaits such as pacing
also has consequences related to energy expenditure. In an
experiment where Standardbred horses had been trained to
pace wearing hobbles or exercise using natural gaits, while the
horses were working on a treadmill between 4 and 12 m/s,
there was a trend for VO, to be higher when pacing compared
with trotting. Clearly, it becomes a matter of achieving the
right balance of speed and energy consumed to complete the
distances and be successful in such events.

FATIGUE

Fatigue is a complex and intricate physiologic response to
exercise, leading to the inability to sustain further activity at
the current intensity. Fatigue can be categorized as structural,
acute, or chronic. Structural fatigue refers to biomechanical
failure of tissues, for example, tendons, ligaments, and bone,
that inadequately adapt to the stresses placed upon them.
Chronic fatigue is a function of prolonged conditions such as
chronic anemia and starvation. Acute fatigue is directly related
to energy production in muscles and occurs in events requir-
ing maximal work effort for short periods, for example, in
Thoroughbred or Standardbred racing. It has been labeled
anaerobic fatigue (McMiken, 1983) and has different causal
factors to those that limit aerobic performance in endurance-
type events. Fatigue appears to involve central (psychological
or neurologic) and peripheral (muscular) contributions.
Overtrained horses could become listless and “sour,” and
their performance may decline; this may be partly a manifesta-
tion of psychological fatigue. McGowan and Whitworth
(2008) differentiated overtraining syndrome from overreach-
ing, a term used in horses which, after suffering a loss of
performance without an obvious clinical reason, recover their
performance within 1 or 2 weeks. When excessive training
stress is applied and recovery time is insufficient, performance
reduction, and chronic maladaptation occurs. Overtraining
syndrome is recognized as a complex condition that afflicts
top-level horses in training. Peripheral causes of fatigue have
been studied more widely as they are easier to define. Re-
cently, De Graaf-Roelfsema et al. (2009) induced overtraining
(performance decreased by nearly 20% compared with con-
trols) by intensified training and found that in overtrained
horses their resting pulsatile growth hormone (GH) secretion
had become altered. The increased irregularity of nocturnal
GH pulsatility pattern is indicative of a loss of coordinated
control of GH regulation. Longer phases of somatostatin with-
drawal were hypothesized to be the underlying mechanism
for the observed changes in GH pulsatility pattern.

Fatigue in response to high-intensity exercise is likely
caused by a combination of factors, including depletion of the
phosphagen pool (ATP and CP), decreased intracellular pH,
and possibly accumulation of lactate (Essén-Gustavsson 1999;
Hodgson et al., 1985; McMiken, 1983 ). The main event ap-
pears to be a reduction in the concentration of ATP. Acidity
can impair the respiratory capacity of muscle and have a
direct effect on the contractile apparatus. In addition, acidosis
and increased muscle temperature could be associated with
impaired functioning of the sarcoplasmic reticulum. Finally,
altered electrolyte gradients (potassium and calcium) will add
to overall deleterious effects on muscle metabolism.

Hyperthermia, altered fluid and electrolyte balance, and
fuel depletion have all been considered contributors to fatigue
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during prolonged, submaximal exercise (Hodgson et al.,
1985; Lucke and Hall, 1980; Snow et al., 1982). Performance
capacity or onset of fatigue in horses and humans has been
correlated with depletion in glycogen stores in working mus-
cle (Astrand and Rodahl, 1986; McMiken, 1983; Snow et al.,
1981; 1982 ). A decline in extracellular glucose concentra-
tions may also be important. However, fatigue or reduced
muscle power occurs before the complete depletion of any
substrate, and it is the rate of ATP production that appears
crucial.

Neural fatigue in short events is considered very unlikely
but may be important in endurance events (McMiken, 1983).
However, in supramaximal exercise lasting only a few seconds,
fatigue may be related to an inability of the neuromuscular
junction to maintain the propagation of excitatory action
potentials into muscle fibers, possibly leading to early muscu-
loskeletal damage (Leach and Sprigings, 1979).

CONCLUSION

It is imperative that anyone with an interest in the equine
athlete should understand energy production and utilization
in the horse. Both aerobic and anaerobic pathways of energy
supply are necessary for all forms of exercise. In recent years,
evidence has suggested that the aerobic system has a much
greater role to play than previously thought, in short-duration,
supramaximal exercise bouts. The effect of nutrition on perfor-
mance has been heavily investigated but continues to be an
area of considerable controversy. Comparison between studies
is difficult, and at this time, meaningful conclusions cannot
be drawn.

The various energy supply pathways have far-reaching
implications in terms of specific training programs for horses
competing in different athletic events. An understanding of
the patterns of energy substrate supply and utilization in dif-
ferent athletic events allows tailored training strategies to be
adopted to maximize the adaptations in various body systems.
Although no activity is exclusively aerobic or anaerobic in
nature, aerobic energy production is vital in all cases. Hence,
an emphasis on establishing an effective “aerobic foundation”
is considered paramount in any training program (Rivero,
2007). A basic model of training incorporates three phases:
(1) a foundation phase, (2) a cardiovascular or aerobic phase,
and (3) an anaerobic interval phase. The foundation phase
is considered continuous or endurance-type training and is
vital for the cardiovascular and musculoskeletal systems to
make early adaptations to the stresses placed on them. Shorter
runs, with every subsequent phase increased in intensity, are
included in the program.

The economy of locomotion refers to the optimal gait at a
given speed of exercise at which the energy cost is least, and
this gait is naturally chosen by freely moving horses.

The horse is unique in its capacity to utilize O,, as seen by
the high values for VO,,,,, and the rapid kinetics of O, uptake.
In all but the most intense exercise, aerobic pathways contrib-
ute the majority of the energy supply. It is this phenomenal
ability to utilize O, that allows the athletic horse to work at
extremely high intensities such as those during Thoroughbred
and Standardbred races and also for prolonged durations such
as during endurance rides. The measurement of VO, re-
mains the single most important assessor of a horse’s relative
fitness.
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EQUINE DIGESTION, ABSORPTION,
AND METABOLISM

DIGESTION AND ABSORPTION

Being nonruminant herbivores, horses utilize both enzymatic
digestion and microbial fermentation to break feedstuffs down
into smaller particles for absorption into the bloodstream and
for metabolism. Enzymatic digestion takes place primarily in
the small intestine with enzymes from the pancreas and along
the brush border of the epithelial surface. Microbial fermenta-
tion of food takes place through the symbiotic relationship
horses have with bacteria, fungi, and protozoa present in the
large intestine. These microbes ferment fibrous particles resis-
tant to mammalian enzymes into usable products.

Starches are broken down in the small intestine by pancre-
atic amylase to maltose. Disaccharides such as maltose, sucrose,
and lactose are further digested by the brush-border enzymes
maltase, sucrase, and lactase, respectively, into simple sugars.
Maltase activity is high in the horse and is found along all
regions of the small intestine. Sucrase activity has been shown
to be highest in the proximal small intestine, whereas lactase
activity is similar throughout the small intestine (Dyer et al.,
2002). The monosaccharides glucose, fructose, and galactose
are absorbed and transported in blood to tissues for energy
metabolism or storage. The glucose and galactose transporter,
SLGT-1 (sodium/glucose cotransporter 1), is expressed princi-
pally in the proximal small intestine and has a limited capacity
for these sugars (Dyer et al., 2002). Therefore, at high levels of
grain intake, sugar digestion and absorption may exceed the
capacity of the small intestine, and these carbohydrates may
pass to the large intestine (Dyer et al., 2002; Potter et al., 1992).
This occurrence may contribute to digestive disturbances
associated with high grain intake (Dyer et al., 2002).

Dietary triglycerides are emulsified by bile salts from the
liver and then broken down by lipases from the pancreas. The
resulting fatty acids and glycerol are absorbed and trans-
ported to sites of storage and metabolism. Although equine
diets are relatively low in fat, horses appear to be able to
digest most fats efficiently. Digestibility of fat included in the
diet is close to 100% at ranges between 15% to 23% dry mat-
ter (Kronfeld et al., 2004). This is likely supported by rela-
tively high concentrations of lipase within the pancreas
(Lorenzo-Figueras et al., 2007).

Dietary proteins are initially hydrolyzed by hydrochloric
acid and pepsin within the stomach; specifically, pepsin acts
on peptide bonds involving tryptophan and phenylalanine.
Proteins are further broken down into their constituent amino
acids in the small intestine by pancreatic enzymes such as
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trypsin and chymotrypsin. At the brush border, peptidases
digest the remaining peptides and individual amino acids are
transported in blood to tissues for use in protein synthesis or
energy metabolism.

Dietary fiber is fermented by microbial populations within
the large intestine. Cellulose and hemicellulose are the pri-
mary fibers digested in the large intestine, but pectin, fructan,
and other carbohydrates that are not susceptible to mamma-
lian enzymes are fermented in the large intestine also. The
main products of fermentation are the volatile fatty acids
(VFAs, also called short chained fatty acids or SCFAs),
namely, acetate, propionate, and butyrate. These are produced
in varying quantities and ratios, depending on the diet, with
acetate being the principal VFA produced. The VFAs may be
used by the horse for immediate energy production or for the
synthesis of glucose or fat. Any soluble carbohydrate (starch
or glucose) that reaches the large intestine also will be sub-
jected to microbial fermentation, resulting in VFA production.

Some dietary protein may also escape digestion within the
small intestine, particularly when associated with cell wall
fiber. Therefore, dietary protein in high-fiber feeds may not be
available until the large intestine. This becomes important
with respect to digestibility of feedstuffs to ensure adequate
amino acids are available for absorption in the small intestine.
High-quality protein sources will, therefore, be both highly
digestible and have optimal amino acid profiles. Absorption of
intact amino acids from the equine large intestine is likely
small (Bochroder et al., 1994), though the presence of lysine
transporters within the colon have been reported (Woodward
et al., 2003). Whereas small intestinal digestion results in the
absorption of protein as amino acids, ammonia is an impor-
tant product of the digestion of protein in the large intestine.
The absorbed ammonia can be used to synthesize nonessen-
tial amino acids in horses, or it can be excreted as urea in
the urine.

Along with the digestion and absorption of energetic sub-
strates, the absorption of vitamins, minerals, and water neces-
sary for athletic function is a vital function of the digestive tract.
Water is absorbed from the large intestine, along with a large
portion of the electrolytes (Argenzio et al., 1974a). The large
intestine may act as a reservoir for fluid, particularly during
dehydration, and is influenced by the amount of soluble fiber
in the diet (Warren et al., 1999a). Sodium is absorbed along
with glucose and water by SLGT-1, giving justification for the
inclusion of glucose with electrolyte-replenishing beverages
and supplements (Shirazi-Beechey et al., 2008). Further, salt
water offered following a 45-km ride has been shown to assist
with recovery of lost body weight (Butudom et al., 2002).



Careful attention should be paid not only to the amount of
mineral in the diet but also to the ratios of particular minerals
(e.g., calcium:phophorus [Ca:P] and zinc:copper [Zn:Cul)
and their sources (organic versus inorganic; presence of inter-
fering substances). Most minerals, including calcium and
magnesium, are absorbed within the small intestine, although
phosphorus is absorbed within the large intestine. Calcium
absorption largely depends on calcium status in the body,
and its absorption is regulated by parathyroid hormone and
vitamin D. Calcium absorption can be further affected by
phosphorus, phytate, and oxalates in the diet. Phosphorus
absorption is also affected by the presence of high levels
of calcium and oxalates in the diet. Much of the phosphorus
in typical feeds is found as phytate phosphorus, which may
be less digestible than nonphytate phosphorus. Fat-soluble
vitamins are absorbed in the small intestine and may be influ-
enced by the degree of fat absorption (Kronfeld et al., 2004).
A considerable amount of B vitamin synthesis occurs in the
large intestine (Linerode, 1966), and absorption from the
large intestine has been demonstrated for several B vitamins.

Nutrient Metabolism

At Rest

Following a meal, the process of digestion and absorption will
result in an increase in the circulating levels of several nutri-
ents. The effects of diet and feeding schedule on glucose
metabolism have received the most attention from researchers
because of the relationship between glucose and insulin.
When a horse receives a meal consisting of a concentrate feed
(such as corn), blood glucose levels will rise from a prefeeding
concentration of approximately 4 to 5.5 millimoles per liter
(mmol/L) to a concentration of 6.5 to 7.5 mmol/L within
2 hours of feeding. The extent of the increase in blood glucose
concentration will depend on meal size and composition. In
human nutrition, the glycemic index (GI) has been used to
characterize the extent of the increase in blood glucose that
occurs in response to specific foods. The GI is the area under
the glucose curve after consumption of a test food expressed
as a percentage of the response to a standard amount of a
standard food. An alternative term, the glycemic load (GL),
accounts for the available carbohydrate in the meal. There has
been some interest in applying the GI or GL to equine diets
(Kronfeld et al., 2004), but the relevance of a GI or GL to
equine athletic performance has not been well defined. In
addition, application of the GI or GL to equine diets is diffi-
cult, in part due to the inconsistency of the reference feed,
differences in consumption rates, and potential interactions
among ingredients. For example, a study showed that when
fat was added to a grain mix, the GI for the grain mix tended
to decrease (Pagan et al., 2000). Other studies have shown
that processing can affect the glucose response to a specific
feed (Healey et al., 1995; Hoekstra et al., 1999), but in some
other studies, processing had no effect on glucose or insulin
responses to feeding (Vervuert et al., 2003;2004). However,
when a high-roughage meal is consumed, the increase in
blood glucose is much smaller than when a grain meal is
consumed (Stull and Rodiek, 1988).

In humans, it is well recognized that absorbed triglycerides
are packaged into chylomicrons for transport to sites of
metabolism or storage. The enzyme lipoprotein lipase facilitates
the hydrolysis of triglycerides to fatty acids, thus allowing
movement into the cell. Once inside the cell, fatty acids may be
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used to resynthesize triglycerides. The postabsorptive fate of
fat in equines is not well understood, as attempts to isolate
chylomicrons following a fat load have failed (Watson et al.,
1992). Also, it is interesting to note that horses have a relatively
slow clearance rate of triglycerides following a load (Moser
et al., 1993). This slow clearance occurs despite an apparent
increase in lipoprotein lipase activity with increased substrate,
such as with hyperlipemia in ponies (Watson et al., 1992).
Conversely, it appears that chronic fat feeding affects the
metabolism of fat such that flux of triglycerides from blood to
muscle is increased (Geelen et al., 1999), likely through the
activity of lipoprotein lipase (Geelen et al., 2001).

Following a meal, plasma concentrations of amino acids
also will increase. Peak levels of most amino acids in the
plasma have been shown to occur within 2 hours of feeding,
with decreases seen by 4 hours. Most amino acids will return
to baseline concentrations within 8 hours (Hackl et al., 2006).
It has been suggested that even after a 10-hour period of with-
holding feed, plasma amino acid concentrations are highly
variable, so care should be taken with interpretation of data
(Hackl et al., 2006). Similar to glucose, insulin stimulates
amino acid uptake by skeletal muscle and other tissues.

Unlike triglycerides, the VFA are taken directly into the
bloodstream and delivered to tissues without being packaged
into chylomicrons or other lipoproteins. VFAs are absorbed
from the large intestine quickly, within 30 minutes of being
infused directly into the cecum (Glinsky et al., 1976). Lieb
(1971) also detected VFAs in the portal blood 30 minutes
after infusion into the cecum. However, as peak production
rates occur 2 to 8 hours after feeding (Argenzio et al., 1974b),
one would expect blood concentrations to peak shortly there-
after. The VFAs are transported in the portal system to the
liver, where butyrate and propionate are taken up (Lieb,
1971). Acetate appears to remain in blood for delivery to sys-
temic tissues. Propionate is largely glucogenic, and it has been
reported that between 50% and 61% of blood glucose is de-
rived from colonic propionate, depending on diet (Simmons
and Ford, 1991). Butyrate is converted to acetate and ulti-
mately acetyl-CoA (coenzyme A), which can then be oxidized
via Kreb’s cycle or used for fat synthesis.

Acetate is quantitatively the most important VFA. On an
all-roughage ration, the molar percentage of VFAs in cecal or
colon fluid is about 70% acetate, 17% propionate, 8% butyrate,
and 5% others (isobutyrate, isovalerate, and valerate) (Glinsky
et al., 1976; Hintz et al., 1971). When horses are fed high-
concentrate diets, the proportion of acetate decreases, and
the proportion of propionate increases. As expected, dietary
composition affects blood VFAs accordingly; Pethick and
coworkers (1993) and Doreau et al. (1992) reported higher
concentrations of blood acetate with higher-forage diets.

During the process of fermentation, some energy is lost
and is unavailable to the horse. Nonetheless, fiber fermenta-
tion and the VFAs produced can generate significant energy
for the horse. Using labeled VFAs, it was estimated that 30%
of the horse’s total digestible energy intake was derived from
cecal VFA production when fed a high-forage diet (Glinsky
etal., 1976). Assuming substantial VFA production within the
colon as well, it is assumed that an even greater proportion
of the horse’s energy needs would be met by VFAs. Studying
arterial-venous differences, Pethick and others (1993) found
that acetate accounted for up to 32% of the total substrate
oxidation within the hindlimb at rest.
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The storage or metabolism of energetic substrates available
following a meal is directed, in part, by insulin. Insulin acts
to shift metabolic processes toward anabolism, to create fuel
reserves for future use. One of insulin’s key functions is to
facilitate the movement of glucose from the bloodstream into
tissues, by stimulating the translocation of glucose transporter
4 (GLUTH4) to the cell membrane. Though details are lacking,
insulin binds to its receptor, which triggers a series of reac-
tions and secondary messenger signals, ultimately resulting in
the fusion of intracellular vesicles containing GLUT4, with
the cell membrane. Also, through these secondary messenger
systems, insulin activates glycogen synthase, the key enzyme
of glycogen synthesis, thus promoting storage of glucose. At
adipose tissue, insulin activates lipoprotein lipase, thereby
facilitating the shuttling of triglycerides from within chylomi-
crons and lipoproteins to adipose tissue for fat storage. Insulin
also has a negative effect on gluconeogenesis, amino acid
catabolism, and lipolysis.

Following the decline of blood glucose concentrations, in-
sulin secretion from the pancreas is decreased. In the hours
following a meal, low blood glucose concentrations stimulate
the release of glucagon, another hormone from the pancreas.
Glucagon functions to antagonize the effects of insulin; as in-
sulin promotes the storage of energetic substrates, glucagon
acts to mobilize energetic substrates. In the horse, feed depri-
vation of 54 hours results in significantly elevated glucagon
concentrations (Sticker et al., 1996). At the liver, through acti-
vation of cyclic adenosine monophosphate (cAMP) and pro-
tein kinase A (PKA), glucagon ultimately functions to activate
glycogen phosphorylase. This enzyme stimulates glycogenoly-
sis, and glucose is released into the bloodstream. Glucagon
also activates hormone-sensitive lipase within adipocytes, pro-
moting the hydrolysis and subsequent release of free fatty acids
(FFAs) for mobilization and metabolism. Frank et al. (2002)
reported a 16-fold increase in plasma FFA concentration fol-
lowing feed restriction for 36 hours.

With prolonged feed restriction, liver glycogen stores de-
crease, and the need for gluconeogenesis increases. As triglyc-
erides are hydrolyzed in adipose tissue, the liberated glycerol
becomes a key component for gluconeogenesis. Amino acids
can also provide carbon skeletons for oxidation or glucose
synthesis. Most of the amino acids are considered glucogenic,
except leucine and lysine, which can only be metabolized for
energy through conversion to acetyl-CoA or acetoacetyl-CoA.
When amino acids are catabolized, the amino group must be
removed. Typically, the amino group is transferred to another
carbohydrate compound in a transamination reaction. Pyru-
vate, a-ketoglutarate, and glutamate can be aminated to form
alanine, glutamate, and glutamine, respectively. When amino
acid catabolism occurs in muscle, alanine and glutamine serve
to transport the amino group to the liver, where urea synthesis
can occur. In the liver, the carbon skeletons from alanine and
glutamine can be used for gluconeogenesis.

Prolonged fasting in humans results in the adaptation to
utilize ketones, which are fatty acid metabolites, for energy
production, especially within the central nervous system. In
horses, extreme feed deprivation often results in hyperlipe-
mia, characterized by accumulation of very-low-density lipo-
proteins (VLDL) and plasma triglyceride concentrations
>500 milligram per deciliter (mg/dL), though there is signifi-
cant variation among horses (Frank et al.,, 2002). The
response to prolonged fasting suggests that lipid metabolism
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in horses may not be identical to lipid metabolism in humans.
It is possible that hormone-sensitive lipase activity in horses
is impaired (Watson et al., 1998), particularly if accompanied
by insulin resistance (Jeffcott and Field, 1985). Further
research will be necessary before fat metabolism in the equine
athlete is fully understood.

The contribution of various energetic substrates to meta-
bolism at rest appears to largely depend on the diet; how-
ever, overall resting metabolism will be primarily supported
through aerobic pathways. Recently, glucose tracers and mod-
eling computations were used to compare glucose metabolism
in horses. Horses consumed either a diet with the majority of
calories coming from starch and sugar or a diet with most
calories coming from fat and fiber (Treiber at al., 2008). It was
concluded that increased availability of glucose in the starch
and sugar type diets resulted in an increased flux of glucose,
suggesting increased usage. Several other methods are avail-
able to determine substrate contribution to overall energy
production. Indirect calorimetry is a method of estimating
energy expenditure from the measurement of respiratory
gases. The respiratory exchange ratio (RER) is the ratio
of carbon dioxide exhaled to the oxygen inhaled, and this
closely matches the respiratory quotient (RQ), which refers to
the ratio of cellular production of carbon dioxide to oxygen
consumption. The RER and the RQ are approximately equal
under steady state conditions. On the basis of the chemical
structure of carbohydrate and fat, oxidation of each substrate
affects the RER such that oxidation of carbohydrate results in
an RER of 1.0 and oxidation of fat results in an RER closer to
0.7. The effect of diet on the RQ or the RER has not been well
studied in resting horses, but it would seem that there would
be greater shift toward carbohydrate metabolism (and, there-
fore, an RQ closer to 1.0) if horses were fed higher-starch and
higher-sugar types of diets.

During Exercise

With exercise, energetic substrates are mobilized and used to
generate adenosine triphosphate (ATP) for skeletal muscle.
However, the specific substrates mobilized and utilized for
energy production depend on several factors, including the
intensity of the exercise, duration of the exercise, fitness of the
individual, habitual diet, and feeding state.

The main substrates of energy production are carbohydrate
and fat. Sources of carbohydrate include blood glucose (from a
recent meal or glycogenolysis or gluconeogenesis in the liver)
and muscle glycogen. Muscle contraction mediates the move-
ment of GLUT4 to the muscle membrane (independent of in-
sulin) to facilitate glucose uptake into muscle during exercise.
Fat sources include FFAs hydrolyzed from adipose tissue,
blood triglycerides, or muscle triglyceride stores. Protein can
be utilized for energy production, though its overall contribu-
tion to energy production is minimal except during endur-
ance types of exercise. In the horse, it is possible that VFAs
contribute to energy production during exercise. Pethick et al.
(1993) showed that acetate contributes significantly to energy
production at the muscle at rest, and Pratt et al. (2005)
showed greater clearance of acetate during low-intensity exer-
cise compared with rest, suggesting it was used for energy
production.

Exercise intensity has the greatest effect on substrate use.
In general, as the intensity of the exercise increases, there is a
shift toward a greater percentage of energy being derived from



carbohydrate sources and less energy derived from fat. This
change in major energetic substrate is often referred to as the
crossover concept. It should be noted, however, that at all
times, there is combined metabolism of fat, carbohydrate, and
even protein, just at different contributions.

At rest and during low-intensity type of exercise, a majority
of the ATP produced will be through fat oxidation. As the
intensity of the exercise increases through the 30% to 50%
VOimax Tange, there is an increase in the absolute oxidation of
fat, with maximum fat oxidation peaking at approximately
55% to 65% VOima (maximal oxygen consumption) in hu-
mans (Achten et al., 2002). As exercise intensity reaches 65%
VOymay and higher, the relative contribution of fat to overall
oxidation declines. Carbohydrate oxidation is relatively low
(30%—40% of total energy expenditure) during lower-intensity
exercise and increases to nearly 100% of energy expenditure
with very-high-intensity exercise. Work by Romijn et al. (1993)
reported RER values of 0.73, 0.83, and 0.91 at exercise intensi-
ties of 25%, 65%, and 85% VO, Tespectively, in humans.
Also, using tracers, this group was able to determine the contri-
bution of plasma glucose, plasma FFAs, muscle glycogen, and
muscle triglyceride. At the lower intensities of exercise, plasma
FFAs likely make up a significant portion of the relative energy
expenditure, whereas at the higher intensity of exercise, muscle
glycogen is the primary source of energy (Figure 4-1).
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FIGURE 4-1 Total and relative energy expenditure at 25%, 65%, and
85% maximal oxygen capacity (VOypg) in humans. (Adapted from
Romijn JA, Coyle EFE Sidossis LS et al: Regulation of endogenous fat and
carbohydrate metabolism in relation to exercise intensity and duration, Am J
Physiol Endocrinol Metab 265:E380, 1993.)
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In the horse, the oxidative substrates for energy production
also largely depend on exercise intensity. For example, Geor
et al. (2000b) showed that muscle glycogen (and lactate)
accounted for approximately 30% of the total energy expendi-
ture at 30% of VO, and about 65% of total energy expen-
diture at 60% of VOyp,. As expected, at lower intensities of
work, fat oxidation accounts for a larger percentage of relative
energy expenditure (~55%) compared with that at higher inten-
sity (fat oxidation accounting for 25% of energy expenditure).
At both exercise intensities, blood glucose contributed 12%
of the relative energy expenditure at 30% of VO, and 7% of
energy expenditure at 60% VO, It should be noted that there
may be differences in substrate utilization among different
breeds (Prince et al., 2002) and that other factors such as
fitness, age, and gender can contribute to individual differences
among horses.

Substrate selection at a given exercise intensity is influ-
enced by hormones, blood flow, and local factors such as
the energy status of the cell. The onset of exercise is met
with an increase in epinephrine concentration. Epineph-
rine acts at the adipose tissue and hormone-sensitive lipase
to mobilize triglycerides into FFAs and glycerol. Thus, at
the start of exercise, particularly low- to moderate-intensity
exercise, a rise in FFAs is observed. It has been shown that
the contribution of FFAs to energy production during low-
intensity exercise is largely dependent on supply. For ex-
ample, a rise in fatty acid concentrations from the adminis-
tration of heparin increases fat oxidation and reduces
glycogen use during moderate exercise (70% VO, ; Costill
et al., 1977). The concept that fat supply and metabolism
regulates carbohydrate metabolism is termed “the Randle
Effect” (Randle et al., 1964). The Randle Effect states that
glucose oxidation is impaired in the presence of fatty acids.
Specifically, increases in fatty acids were shown to increase
acetyl-CoA and citrate, which inhibits pyruvate dehydroge-
nase (PDH), phosphofructokinase (PFK), and hexokinase
activities, ultimately decreasing glucose metabolism (Randle
et al., 1964). Thus, at lower intensities of exercise, fat sup-
ply to muscle is high, so fat oxidation will be greater than
carbohydrate metabolism. It should be noted that in the ef-
fort for fat to be oxidized, carbohydrate intermediates are
required to maintain the citric acid cycle (“fat burns in a
carbohydrate flame”). Pyruvate is a major contributor to
maintain the cycle, and amino acids (glutamine and aspar-
tate) play a role in anaplerosis as well. Thus, even with
substantial fat stores, carbohydrate availability can limit
exercise at lower intensities.

As exercise intensity increases, blood flow is shunted away
from adipose tissue and directed more at muscle, thereby de-
creasing the delivery of FFAs from adipose tissue to muscle.
Because of reduced substrate supply, energy status of the cell
decreases (that is, ATP is reduced, and AMP and inorganic
phosphate are increased). Increases in AMP stimulate one of
the two key enzymes regulating carbohydrate metabolism,
glycogen phosphorylase (Howlett et al., 1998). The other key
enzyme, pyruvate dehydrogenase (PDH), is also upregulated
with increasing exercise intensity, largely due to contraction
mediated increases in calcium (Howlett et al., 1998). In-
creases in carbohydrate flux decrease fat oxidation, likely
through the limitation of fat transport into the mitochondria.
The transport of fat is mediated by carnitine palmotoyl trans-
ferase (CPT-1), an enzyme inhibited by malonyl-CoA, which
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is increased with increased carbohydrate flux (Coyle et al.,
1997). Furthermore, if fatty acid availability is increased phar-
macologically, such as via infusion of a fat emulsion (Intra-
lipid), fat oxidation by muscle is still hindered at higher inten-
sities (above 65% VO ay)- It has been suggested that transport
into mitochondria by CPT-1 is inhibited by lactate (Starritt
et al., 2000), potentially contributing to the rationale behind
the reduction in fat oxidation at higher intensities. At higher
intensities, there will also be a further increase in catechol-
amine response. In addition to its effects on lipolysis,
epinephrine is a significant stimulator of glycogen phosphoryl-
ase, the enzyme that stimulates glycogenolysis. Epinephrine
affects glycogenolysis to a greater extent than it does lipolysis,
contributing to the greater dependency on glycogen at higher
exercise intensities.

Thus, it appears that in contrast to the Randle Effect, at
higher intensities of exercise, carbohydrate metabolism regu-
lates fat oxidation (Coyle et al., 1997). In the horse, the infu-
sion of glucose (and consequential increase in carbohydrate
flux) prior to exercise at 55% VO, reduced fat oxidation,
which supports this theory (Geor et al., 2000a). In summary;, it
is likely a combination of reduced fat availability and increased
glycolytic flux that result in the increase in carbohydrate
oxidation at higher intensities of exercise. Furthermore, with
increasing exercise intensity, the recruitment of type II muscle
fibers increases compared with the recruitment of type I fibers.
Because type II fibers are more glycolytic, it stands to reason
that there would be increased rates of glycogen and glucose
use for energy production and a lower dependency on fat
oxidation at higher intensities of exercise.

As indicated above, although both fat and carbohydrate are
utilized in different amounts, depending on exercise intensity
and duration, at any given time, there will be a combination
of these substrates generating ATP. However, because of
the relatively large energetic storage supply of fat (primarily
triglycerides stored in adipose), carbohydrate availability,
in particular muscle glycogen, is thought to be limiting to
exercise. During high-intensity exercise, glycogen will be the
primary energetic substrate. However, because the duration
of such exercise is relatively short, overall glycogen use
is minimal. Studies in Thoroughbreds (in 800-m to 2000-m
exercise) and Standardbreds (in 1600-m exercise) have found
glycogen depletion rates around 20% to 35% (Harris et al.,
1997; Lindholm et al., 1974). During lower-intensity endur-
ance exercise (e.g., 80-km to 160-km rides), there is substan-
tial glycogen depletion (between 50% and 75%), despite a
lower rate of use (Snow et al., 1981; Snow et al., 1982).

Adequate stores of muscle glycogen are important for both
short-term, high-intensity exercise as well as for endurance
(low intensity) exercise. It has been shown that reduced
glycogen stores (to approximately 30% of resting values) can
negatively affect subsequent exercise bouts and impair perfor-
mance (Lacombe et al., 2001; Lacombe et al., 2003). In
humans (Coyle and Coggan, 1984) as well as in horses (Snow
et al., 1981), fatigue following endurance exercise (>80-km
ride in horses) is associated with a depletion of both liver
and muscle glycogen stores. Hypoglycemia is often reported
following such exercise (Essen-Gustavsson et al., 1984),
where hepatic glucose production cannot meet the increased
demands of exercise. It is possible that when the muscle
glycogen concentration is reduced, blood glucose uptake
into muscle is increased to accommodate metabolism, thereby
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reducing the amount of glucose available to the brain
(Hargreaves, 1997). It is believed that endurance exercise that
results in hypoglycemia causes a decline in central nervous
system function, or “central fatigue” (Davis et al., 1992; Nybo,
2003) and that maintenance of euglycemia through endoge-
nous supplementation can attenuate fatigue (Davis et al,,
1992; Farris et al., 1998). Not only is glucose directly required
for adequate cerebral function, but increases in fatty acid con-
centration with exercise promote the production of serotonin
in the brain, which contributes to fatigue (Farris et al., 1998).
Hypoglycemia may also play a role in peripheral fatigue, par-
ticularly when muscle glycogen is depleted, as carbohydrate
intermediates are required to maintain flux through the citric
acid cycle. Administration of exogenous glucose is therefore
also believed to provide substrate for energy production while
preserving muscle glycogen (Coyle and Coggan, 1984; Geor
et al., 2000b). In the horse, it is possible that propionate
(derived from microbial fermentation in the hindgut) serves
as anaplerotic substrate (Kasumov et al., 2007), whereas
acetate and butyrate are easily metabolized to acetyl-CoA
(Knowles, 1974), though only acetate has been studied as a
source of energy for the horse (Pethick etal., 1993; Pratt et al.,
2005; Waller et al., 2009a). Therefore, for equine sports such
as endurance racing, horses should be fed periodically during
the event to maintain adequate substrate levels, through direct
absorption of glucose as well as VFA production from micro-
bial fermentation (Harris, 2009).

It has been shown that in both humans and horses, exercise
conditioning that results in improved fitness causes a move
toward reduced glucose flux and increased fat oxidation at a
given intensity (Geor et al., 2002). It is likely that increases in
oxidative enzyme capacity and reduced catecholamine response
to exercise favor this shift in substrate use (Korzeniewski and
Zoladz, 2003). Similarly, adaptation to a high-fat diet increases
fat oxidation while reducing dependency on carbohydrate
metabolism (Pagan et al., 2002; Sloet van Oldruitenborgh-
Oosterbaan et al., 2002). The consumption of a diet that
provided 29% of the digestible energy as fat reduced carbohy-
drate utilization during a low-intensity exercise test (at 35%
VOimax) (Pagan et al., 2002). Fat adaptation also resulted in
reduced lactate accumulation with a standardized stepwise
exercise test (Sloet van Oldruitenborgh-Oosterbaan et al.,
2002). Glucose kinetics were investigated in horses adapted
to either a diet high in starch and sugar (SS) (SS: 3.3% fat dry
matter [DM], 44.7% non-structural carbohydrate [NSC]) com-
pared with a diet high in fat and fiber (FF) (FF: 10.6% fat
DM,13.1% NSC DM)(Treiber et al., 2008). This study found
increased glucose use during exercise for horses on the SS diet
and subsequently lower glucose use during exercise for horses
on the FF diet. It was suggested that dietary fat adaptation in-
creases metabolic flexibility and could contribute to the ability
to spare muscle glycogen.

During Recovery from Exercise

Following exercise, the body works to replenish substrates
used during the exercise bout, particularly muscle glycogen.
Rapid resynthesis of glycogen is important for the horse,
especially for events such as 3-day eventing, where strenu-
ous exercise bouts are performed on consecutive days. Gly-
cogen is formed via the actions of the enzyme glycogen
synthase (GS). GS is regulated both allostearically and cova-
lently (Nielsen and Richter, 2003). Depending on substrate



availability, namely, glucose-6-phosphate, glycogen synthase
is activated. GS is also highly regulated by insulin. With exer-
cise, insulin concentrations decrease, facilitating the mobiliza-
tion (rather than storage) of energetic substrates. However,
because of increased blood flow, it is likely that a significant
amount of insulin actually reaches the muscle. In humans and
rodents, insulin sensitivity is high following exercise, promot-
ing glycogen synthesis. Furthermore, contraction-mediated
increases in glucose uptake (insulin independent) remain
high after exercise, providing substrate for glycogen synthesis.

GS activity also appears to be affected by the amount of
glycogen present such that following exercise, when muscle
glycogen concentrations are low, glycogen synthase activity is
increased. It is believed that the enzyme may reside within
granules of glycogen and is freed upon glycogen usage
(Nielsen et al., 2001). Due to increased muscle contraction—
stimulated glucose uptake, increased delivery of insulin, and
reduced glycogen concentrations, GS is active following exer-
cise. The degree of GS activation is largely dependent on the
intensity of the exercise and the extent of glycogen depletion.
Studies in humans (Nielsen and Richter, 2003) and horses
(Pratt et al., 2007) have found inverse correlations between
GS activity and glycogen concentrations.

In humans, the replenishment of glycogen following exer-
cise is rapid and depends largely on glucose supply to muscle.
It is recommended that athletes consume carbohydrate
(1 gram per kilogram body weight [g/kgBW]) immediately
after glycogen depleting exercise and then every 2 hours for a
total of 6 hours to maximize glycogen resynthesis (Ivy, 1998).
With this program, glycogen concentrations are replenished
within 4 to 6 hours, and supraphysiologic concentrations of
glycogen can be achieved. In horses, however, glycogen
replenishment following exercise is much slower. It has been
shown that oral administration of carbohydrate (3 g/kgBW
over 6 hours) following glycogen-depleting exercise results
in only 56% of pre-exercise glycogen concentrations after
6 hours (Geor et al., 2006). However, the venous infusion of
glucose (at 0.5 g/kgBW) for 6 hours (for a total of 3 g/kgBW)
following glycogen-depleting exercise resulted in more rapid
glycogen resynthesis, with glycogen concentrations returning
to approximately 75% of baseline by 6 hours (Geor et al.,
2000). Despite intravenous (IV) glucose, supraphysiologic
concentrations of glycogen are not attained. Similarly, starch
consumption (2.8 kg of corn) following glycogen-depleting
exercise resulted in muscle glycogen of only 52% of resting
concentrations at 24 hours following exercise (Jose-Cunilleras
et al., 2006). Interestingly, it has been shown that electrolyte
supplementation along with hay and grain feeding results
in greater glycogen replenishment than does feeding alone
(Waller et al., 2009b). Therefore, it is likely that factors
beyond substrate availability influence glycogen resynthesis in
the horse. In fact, the provision of acetate following glycogen-
depleting exercise, which can be oxidized directly, may
preserve any glucose derived from the diet for use in glycogen
resynthesis (Waller et al., 2009a).

The differences in glycogen metabolism between horses and
other mammals (i.e., humans and rodents) may be attributed
to differences in glycogen content and insulin sensitivity. For
example, muscle glycogen stores in horses range from 500 to
650 mmol glucosyl units per kilogram (units’kg), whereas in
humans stores range between 320 and 400 mmol glucosyl
units/kg. Further, glycogen itself may be different between
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species, with proglycogen and macroglycogen being repleted
at different rates (Brujer et al., 2006). As indicated above, an
increase in insulin sensitivity is observed in most species
following glycogen-depleting exercise, which is believed to
hasten glycogen resynthesis when carbohydrate is consumed
(Holloszy, 2005). In horses, however, no such increase in
insulin sensitivity exists following glycogen-depleting exercise
to approximately 60% of original stores (Pratt et al., 2007). In
fact, insulin sensitivity was lower when assessed 30 minutes
following exercise compared with baseline insulin sensitivity
(no prior exercise). Furthermore, although GS activity was
increased following exercise, it was not to the same extent
as observed in other species (Pratt et al., 2007). It is possible
that these discrepancies contribute to the relatively slow glyco-
gen resynthesis following exercise that is observed in horses.
It should be noted that patients with McArdle’s disease, a
disease characterized by high glycogen concentrations in
humans, have low insulin sensitivity and GS activity (Nielsen
et al., 2002).

With high-intensity exercise, blood lactate concentrations
in horses can rise dramatically, to levels higher than those
seen in other species. Lactic acid is produced during anaero-
bic metabolism in muscle, and it is transported out of muscle
into blood in an attempt to maintain muscle pH. Red blood
cells (RBCs) act as a sink for lactate, facilitating its transport out
of muscle. The key transporter regulating lactate uptake into
RBCs is the monocarboxylate transporter (MCT1). Following
exercise, lactate is primarily delivered to the liver, where
it can be converted back to glucose via gluconeogenesis or
can be oxidized (Brooks et al., 1995). Plasma glucose concen-
trations also increase with high-intensity exercise. This is, in
part, caused by glycogenolysis at the liver and return to base-
line within 60 minutes (Gordon et al., 2007). Mobilization of
fatty acids from adipose tissue continues to increase follow-
ing exercise, as evidenced by the increase in glycerol concen-
trations (Poso et al., 1989). Fatty acids are either oxidized or
may be re-esterified into triglycerides (Poso et al., 1989).

Low-intensity endurance-type exercise results in substan-
tially lower lactate concentrations because of reduced depen-
dence on anaerobic metabolism to support energy produc-
tion. Furthermore, blood glucose concentrations tend to not
peak, in part because of reduced liver glycogen concentra-
tions to support glycogenolysis (Lindholm et al., 1974). In
fact, if no carbohydrate is consumed during or following
endurance exercise, the animal may become hypoglycemic
(Coyle and Coggan, 1984). Fatty acids will be used for oxida-
tion, whereas glycerol will be an important component of
gluconeogenesis. Muscle protein catabolism may also sup-
port gluconeogenesis, and increased alanine concentrations
have been observed following endurance exercise in the
horse (Trottier et al., 2002).

Nutrient Requirements of Performance Horses

Exercise type, climate, and individual horse characteristics
will affect the nutrient requirements of each equine athlete. It
is impossible to define the requirements of every type of
equine athlete, so broad categories of exercise levels are often
used. The National Research Council (NRC, 2007) has sug-
gested that mature horses may be grouped into four exercise
categories: (1) light, (2) moderate, (3) heavy, and (4) very
heavy. Light exercise is described as 1 to 3 hours of imposed
exercise each week that consists of mostly walking and



40 SECTION 11

trotting. Many horses used for recreational purposes would be
included in this category. Moderate exercise is described as
3 to 5 hours of imposed exercise each week that consists of
mostly trotting with some cantering and skills work. Horses
used for riding lessons, horse shows, ranch work, and possi-
bly polo would fit into this category. This category could also
include horses that are beginning training programs for racing
or other strenuous events. Horses that compete at the upper
levels of strenuous sports such as 3-day eventing, endurance
racing, polo, flat racing, steeplechasing, or harness racing
would be included in the heavy and very heavy exercise
categories. These horses may be exercised for long periods
each week or for relatively short periods at a high intensity.
In addition, many of these horses are transported frequently
or over long distances and are often housed in unfamiliar
environments, all factors which may contribute to increased
use of some nutrients. The suggested nutrient requirements
(NRC, 2007) for a 550-kg horse at each exercise level are
shown in Table 4-1. These values should be used as a starting
place for individual horses, rather than as absolutes. The
following material discusses some of the sources of variation
for each nutrient category.

TABLE 4-1 - .

Recommended Daily Nutrient Intakes of 550-kg
Mature Horses Performing Light, Moderate, Heavy,
and Very Heavy Work*

Light Moderate Heavy Very Heavy

DE (Mcal/d) 22.0 25.6 293 379
Crude protein 769 845 948 1105

(CP) (g9/d)
Lysine (g/d) 33 36 41 48
Calcium (Ca) (g/d) 33 39 44 44
Phosphorus 20 23 32 32

(P) (9/d)
Sodium (Na) (g/d) 15 20 28 45
Chloride (Cl) (g/d) 51 59 73 102
Potassium (K) (g/d) 31 35 43 58
Magnesium 10.5 12.7 16.5 16.5

(Mg) (g/d)
Copper (Cu) (mg/d) 110 124 138 138
lodine (mg/d) 3.8 43 4.8 48
Iron (Fe) (mg/d) 440 495 550 550
Manganese (mg/d) 440 495 550 550
Zinc (Zn) (mg/d) 440 495 550 550
Selenium (mg/d0 1.1 1.2 1.4 1.4
Vitamin A (IU/d) 24,750 24,750 24,750 24,750
Vitamin D (1U/d) 3630 3630 3630 3630
Vitamin E (1U/d) 880 990 1100 1100
Thiamin (mg/d) 33 62 69 69
Riboflavin (mg/d) 22 25 28 28

*Adapted from NRC (2007). Sodium, potassium, and chlorine recommendations apply to mild climates. In
cool or hot climates, sodium, potassium, and chlorine amounts should be decreased or increased, respectively.
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Energy

Dietary energy requirements can be expressed in a variety of
ways. Gross energy is the total amount of energy in a feed.
Digestible energy (DE) is determined as the difference between
the gross energy that is consumed and the energy excreted in
feces. Thus, DE approximates the amount of energy absorbed
by the horse. In the United States and several other countries,
the dietary energy requirements of horses are commonly ex-
pressed in units (either megacalories or megajoules) of DE.
However, daily energy requirements may also be expressed in
units of net energy. A system that utilizes net energy as the
basis of requirements has been developed in France, but it
expresses feeding guidelines in relation to the amount of net
energy contained in a standard feed (Martin-Rosset et al.,
1994; Martin-Rosset and Vermorel, 2004). The French system
more accurately accounts for the efficiency of use of different
energy sources, but it has not been completely validated for
exercising horses, and many horse owners are unfamiliar with
it. Therefore, energy requirements in this chapter will be
expressed as units of DE, unless otherwise noted.

The daily energy requirement of an equine athlete is the sum
of the calories needed to maintain the horse at rest and the
calories needed to replace the energy used during exercise. The
caloric needs for maintenance are variable. The NRC (2007)
described three levels of maintenance energy requirements
for adult horses: (1) minimum, (2) average, and (3) elevated.
The elevated maintenance requirement applies to horses with
alert temperaments and above-average levels of voluntary
activity, which would include many elite performance horses.
Other factors that can affect maintenance energy requirements
include climate, housing conditions, and transportation.

The caloric debt created by exercise will depend on several
factors including the duration of the exercise and the intensity
of the exercise. Exercise intensity is often equated with speed,
and many studies have shown that energy utilization increases
with speed for exercising horses (Eaton et al., 1994; Eaton
et al., 1995; Hiraga et al., 1995 Pagan and Hintz, 1986). How-
ever, the effect of speed on energy use does not appear to be
linear; and horse-related factors such as fitness and gait will
affect the relationship (Eaton et al., 1999; Hoyt and Taylor,
1981; Katz et al., 2000). Other factors such as hills, jumps, or
ground conditions can also increase energy use at a given
speed. The weight of the rider must also be considered. Thus,
although speed of travel is an important characteristic of work
effort, it may not adequately describe the intensity of a work
bout unless other factors are considered as well. In most of the
studies cited above, oxygen utilization was measured as a
means of estimating energy use, but it is difficult to measure
oxygen utilization under most practical conditions.

Heart rate (HR) is closely related to oxygen utilization dur-
ing submaximal exercise (Coenen, 2005; Eaton et al., 1995),
and it is relatively easy to monitor heart rate in practical
situations. Therefore, HR may provide a relatively simple but
comprehensive assessment of exercise intensity (Coenen,
2005; NRC, 2007). The NRC (2007) reported that Coenen
had reviewed data from 87 studies to arrive at the following
equation relating HR to oxygen utilization in exercising
horses:

Oxygen utilization (mL O,/kgBW/min) = 0.0019 X HR 2.0653

This equation can be used to estimate the liters of oxygen
utilized during an exercise bout. When combined with an



estimate of the caloric equivalent for each liter of oxygen
(approximately 4.86 kcal/L; NRC 2007) the equation can be
used to calculate the calories burned during the exercise bout.
For example, if a 490-kg horse with a 60-kg rider (combined
BW of 550 kg) is exercised at an HR of 90 beats per minute
(beats/min) for 30 minutes, it will consume approximately
350 L of oxygen. If each liter of oxygen has an energetic
equivalent of 4.86 kilocalories (kcal), then energy use during
that exercise bout will be about 1.7 megacalories (Mcal). To
arrive at the amount of DE that must be consumed to replace
this energy, the efficiency of DE use for exercise must be
known. Pagan and Hintz (1986) estimated that the efficiency
of DE use for exercise was about 57%. However, a summary of
subsequent studies suggests that the efficiency is lower, espe-
cially for high-intensity exercise (NRC, 2007). If the efficiency
of DE use is 40% for the type of exercise described above, then
about 4 Mcal of DE must be added to the daily diet to replace
the energy expended in the exercise described above.

Few horses perform exactly the same amount of exercise
every day, but it is not practical to change the diet every day.
Feeding programs can be based on weekly (or even monthly)
work averages, especially if the horse is in a steady state of
fitness. The NRC (2007) recommendations for DE intakes in
exercising horses are based on weekly averages. These broad
categories of light, moderate, heavy, and very heavy exercise
represent increased DE intakes that are 20%, 40%, 60%, and
90% above maintenance, respectively. The maintenance re-
quirement for horses in light, moderate, and heavy work has
been estimated at 33.3 kcal/kgBW/day; however, the mainte-
nance requirement for horses in very heavy work has been
estimated at 36.3 kcal/kgBW/day. The higher maintenance
requirement was applied to horses in very heavy work because
it is anticipated that they will have more voluntary activity,
higher lean body mass and higher feed intakes; all factors that
can increase the maintenance component.

The weekly work loads suggested by the NRC (2007) for
each exercise category will not exactly match the work loads
of specific performance horses, so it should be expected that
actual feeding programs will have to be adjusted to reflect the
real work loads on an individual basis. It is relatively easy to
evaluate whether a performance horse is receiving an appro-
priate amount of energy from its diet. If daily energy expendi-
ture exceeds energy intake, then the horse will lose weight.
Conversely, if energy intake exceeds energy expenditure, then
the horse will gain weight. Skilled horsemen can often detect
a small change in a horse’s body weight, but the most reliable
method of assessing weight change is to weigh the horse regu-
larly. The most consistent results are obtained if the horse is
always weighed at the same time of day relative to feeding and
exercise.

In human athletics, body composition profiles have been
developed for different types of athletes. There is limited
information about the ideal body composition for horses
engaged in various activities, at least in part because it is
difficult to measure body composition in live horses. Ultra-
sonic measurement of subcutaneous fat over the rump has
been used by some researchers to assess body composition in
equine athletes. It would be expected that equine athletes
would have less body fat compared with sedentary horses.
Using ultrasonic equipment to estimate rump fat, Lawrence
and coworkers (1992b) reported that competitive endurance
horses had a mean body fat of 7.9% (n = 61). For comparison,
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broodmares in a separate study were reported to have 10% to
15% body fat (Lawrence et al., 1992a). Kearns et al. (2002)
reported that high-quality Standardbred race horses had a
mean body fat of 7.4% for males (n = 6) and 9.9% for females
(n = 8). However, the relationship between rump fat thick-
ness and carcass fat is not particularly strong (Kane et al.,
1987; Westervelt et al., 1976), and none of the available equa-
tions relating rump fat thickness to body composition were
derived with athletic (fit) horses. Therefore, the estimates
of total body fat that exist for horses may illustrate qualitative
differences in fatness within groups of equine athletes but the
specific estimates may not be quantitatively accurate. Body
condition scoring has also been used to assess horses. Henneke
and coworkers (1983) developed a condition scoring system
for broodmares that has been applied to performance horses.
This system uses a nine-point scale, where 1 is extremely thin
and 9 is extremely fat. Endurance horses tend to have condi-
tion scores below 5 (Garlinghouse and Burrill, 1999; Lawrence
et al., 1992a). Gallagher et al. (1992) reported a mean condi-
tion score of 5 for Thoroughbreds in race training. Similarly,
horses used for competitive polo have condition scores of
about 5, but horses used for dressage and as show hunters may
have condition scores above 6 (Pagan et al., 2009).

Phased dietary programs for humans that change energy
supply and source with training status and event have been
explored (Schroder et al., 2008). Phased feeding programs
that manipulate calorie amount and type during training may
hold some potential for equine athletes as well, but additional
research is needed to define optimal programs for horses
performing in different events. Regular monitoring of DE
intakes is warranted for equine athletes as they progress
through different stages of training and competition. More
frequent monitoring should be considered for horses that are
less than 4 years old, as these horses will be growing, training,
and competing at the same time.

As discussed previously, adequate muscle and liver glyco-
gen stores are important for optimal performance. Horses are
capable of synthesizing glucose from propionate that is pro-
duced by microbial fermentation, but glucose may be obtained
more efficiently from dietary sugar and dietary starch. Most
feeds are relatively low in simple sugars; therefore, starch is the
primary source of absorbable glucose in horse feeds. The opti-
mal level of dietary starch has not been determined. It is pos-
sible that the level of dietary starch that is optimal for an en-
durance horse is different from the amount that is optimal for
a race horse. Starch is most effective as an energy source if it is
digested in the small intestine and absorbed as glucose. Starch
that escapes the small intestine will be fermented to VFA in the
large intestine. The amount of ATP produced from absorbed
glucose will be greater than the amount of ATP generated from
the VFA produced from glucose that reaches the large intes-
tine. Several factors affect the susceptibility of starch to small
intestinal digestion, including the size of the meal, the type of
starch, and the processing of the starch prior to ingestion. Oat
starch is digested more easily than corn starch, and small meals
are digested more easily than large meals. In addition, process-
ing of cereal grains has been shown to increase the availability
of starch to digestion in the small intestine. Although starch is
an important energy source in the diets of most performance
horses, dietary fiber and dietary fat are also important. Dietary
fibers that are fermented to VFA provide energy, and as noted
above, propionate can be used to synthesize glucose. Fats,
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particularly vegetable oils, are often added to the diets of
performance horses. Fats contain more than twice as much DE
as starch on an equivalent weight basis. Fats are often used
to increase total calorie intake when feed intake is limited. In
addition, horses that have been adapted to supplemental fat
in the diet appear to have an increased capacity to utilize fat
during exercise and to spare carbohydrate use (Dunnett et al.,
2002; Pagan et al., 2002).

Protein and Amino Acids

The importance of protein to athletic performance has been
pondered for decades, possibly for centuries. Even ancient
Greek athletes may have believed that the addition of meat to
their diet would improve performance (Hickson and Wolinski,
1989). Today, it is recognized that dietary protein plays an
important role in the maintenance of tissue but that it is a
relatively minor energy source in comparison with carbohy-
drate or fat. Most amino acids in the body are found in struc-
tural proteins and are, therefore, not readily available for energy
production. However, there are some free amino acids in
plasma and some labile proteins in the liver that could provide
amino acids to fuel energy production. In other species, evi-
dence for exercise-induced protein catabolism comes from the
observation of metabolic changes during exercise and from
studies using isotope-labeled amino acids. Several studies with
horses have documented that plasma alanine concentrations
increase with moderate exercise (Essen-Gustavson et al., 1991;
Miller-Graber et al., 1991a, b; Miller and Lawrence, 1988).
Plasma urea concentrations may also increase in response to
long-term exercise (Snow et al., 1982). No studies with labeled
amino acids have been performed to examine whether certain
amino acids are preferentially catabolized in exercising horses,
but it can be inferred from studies with other species that
leucine might be used to a greater extent by muscle compared
with other essential amino acids.

Regular exercise can alter the percentage of lean body mass
in humans, and certain types of exercise can increase absolute
lean body mass. An increase in absolute lean body mass in
horses may be more likely with strength training than with
endurance training, but hypertrophy of the longissimus dorsi
has been reported in response to aerobic training in horses
(D’Angelis et al., 2007). Regular exercise has been reported to
enhance nitrogen retention in horses (Freeman et al., 1988;
Wickens et al., 2003), which could be related to increased
lean body mass. Performance horses will have increased nitro-
gen losses in sweat, and there may be increased endogenous
fecal losses when feed intakes are high. Collectively, these
observations support the concept that exercising horses have
higher protein requirements compared with sedentary horses.

There is general agreement that regular exercise can elevate
the protein requirement of horses, but there has been much
debate regarding the magnitude of the increase. In 1989, the
NRC suggested that horses engaged in intense exercise (such
as racing) should receive twice as much dietary crude protein
(CP) as would a sedentary horse of the same body weight.
This recommendation was arrived at by maintaining the same
protein:calorie ratio in the diet of the intensely working horse
that was suggested for the sedentary horse. This recommenda-
tion was a practical approach to meeting the protein needs
of exercising horses, but it was not based on actual estimates
of protein needs in exercising horses. In 2007, the NRC sub-
stantially reduced the dietary protein recommendations for
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exercising horses. For example, it is currently recommended
that 550-kg horses performing light, moderate, heavy, and
very heavy work receive 769 g CP/day, 845 g CP/day, 948 g
CP/day, and 1105 g CP/day, respectively; compared with the
previous recommendations (NRC, 1989) of 895 g CP/day,
1074 g CP/day, and 1432 g CP/day for light, moderate and
intense work, respectively. The current recommendations ap-
ply to diets with highly digestible protein sources, whereas
previous estimates were based on lower estimates of dietary
crude protein digestibility. The 2007 NRC recommendations
for crude protein intakes of exercising horses account for the
crude protein needed for lean tissue accretion during exercise,
the crude protein needed to replace nitrogen losses in sweat,
and the crude protein needed for normal maintenance. The
2007 NRC recommendations do not maintain a constant
protein:calorie ratio across all levels of work effort (light,
moderate, heavy, and very heavy). The additional dietary
protein needed for muscle gain was estimated as 0.089 g
CP/kgBW, 0.177 g CP/kgBW, 0.266 g CP/kgBW, and 0.354 g
CP/kgBW, for light, moderate, heavy, and very heavy exercise,
respectively (NRC, 2007). The crude protein needed to re-
place nitrogen losses in sweat was calculated from estimates
of the nitrogen losses in sweat with adjustments for the
efficiency of digestible protein use and crude protein di-
gestibility. Sweat losses were estimated at 0.25%, 0.5%, 1%,
and 2% of BW per day for light, moderate, heavy, and
very heavy exercise, respectively, and the nitrogen content of
sweat was estimated as 1.25 g/kg sweat (NRC, 2007). The
estimates used by the NRC (2007) to calculate the amount of
dietary protein needed to support lean tissue accretion were
based on limited experimental data. In addition, sweat losses
can be extremely variable depending on environmental condi-
tions. Therefore, the current recommendations probably
do not apply to every horse in every situation. However, the
current recommendations are consistent with studies that
have examined the effect of exercise on nitrogen retention in
horses (Freeman et al., 1988; Wickens et al., 2003). Diets
providing 12% to 15% of the total energy as protein or 1.2 g
to 1.7 g protein/kgBW have been suggested to be adequate for
human athletes (ADA, 2000; Rennie and Tipton, 2000);
the current NRC recommendations are consistent with these
allowances.

There are no demonstrated benefits to feeding very high
levels of crude protein to exercising horses. Meyer (1987)
suggested that digestible protein intakes above 2 g/kgBW per
day should be avoided in endurance horses because of effects
on water balance and urea and ammonia metabolism. If dietary
protein is 79% digestible (NRC, 2007), Meyer’s recommen-
dation would set an upper limit of about 2.5 g CP/kgBW.
Exercising horses consuming approximately 3.2 g CP/kgBW
per day excreted more urea in sweat and had higher plasma
urea concentrations than horses consuming approximately
1.6 g CP/kgBW (Miller et al., 1991a). An increase in post-
exercise orotic acid excretion in the horses receiving a high-
protein diet was interpreted to suggest that the high-protein
diet exceeded the capacity of the urea cycle. It has been sug-
gested that high-protein diets are acidogenic and may affect
systemic acid-base balance in exercising horses (Graham-
Thiers et al.,1999; 2001). As a dietary energy source, protein is
metabolized to net energy less efficiently than is starch or fat;
thus, if protein is added to a diet at the expense of another
calorie source, there could be a negative effect on net energy



intake. If protein replaces starch in the diet of exercising
horses, muscle glycogen storage may be reduced (Pagan et al.,
1987), although this response has not been observed in all
studies (Miller-Graber et al., 1991b). Although high-protein
diets are not recommended, extremely-low-protein diets
should also be avoided. Low-protein diets may not provide
adequate amounts of essential amino acids. In addition,
the microbial population in the equine large intestine will
require adequate nitrogen for optimal function.

In other species, the term “ideal protein” is used to de-
scribe a dietary protein with an array of amino acids that
closely matches the amino acids required by the animal. It
is presumed that horses require the same amino acids in the
diet as other monogastrics, but few studies have investigated
the amino acid requirements of athletic horses. A summary of
available data suggested that a 500-kg horse doing moderate to
heavy work needs approximately 34 g of lysine per day (NRC,
2007). The NRC (2007) crude protein requirements for
athletic horses are based on a diet containing good-quality
protein containing at least 4.3% lysine (as a percentage of the
crude protein). If a lower-quality protein is fed, more total
protein will be needed to ensure that the lysine requirement is
met. Lysine is usually considered the first limiting amino acid,
so if lysine needs are met, it is likely that other amino acid
requirements will be met as well. However, experimental
evidence that verifies this assumption is not available.

The incorporation of various amino acids in equine
supplements is common. A review of studies evaluating the
ergogenic benefits of these supplements can be found later in
this chapter. Although not generally considered an ergogenic
amino acid, glutamine is an important amino acid for entero-
cyte and leukocyte metabolism. There is some evidence that
glutamine supplementation may help maintain gut health
in challenged animals (Sukhotnik et al., 2007; Wu 2009), but
studies in horses have not been conducted. Exercise or
training may decrease plasma glutamine concentrations in
humans, and a decrease in glutamine availability to leukocytes
had been suggested as a mechanism for exercise-induced
immune suppression. Muscle and plasma glutamine concen-
trations do not appear to change in response to acute exercise
in horses (Beaunoyer et al., 1991; Miller-Graber et al., 1990;
Russell et al., 1986), but studies in heavily trained horses have
not been conducted.

Aerobic capacity is closely related to lean body mass; there-
fore, the maintenance of lean body tissue is probably impor-
tant for optimal athletic performance in horses. Diets that do
not meet the amino acid needs of the horse may lead to loss
of lean body mass; therefore, it is important to provide an
adequate amount of high-quality protein in the diets of perfor-
mance horses. Some human athletes consume high-protein or
amino acid supplements, in an attempt to stimulate muscle
synthesis or to reduce the effects of exercise-induced muscle
damage. It appears that adequate protein intake will help pre-
serve lean body mass in exercising individuals that consume
energy-deficient diets (Pikosky et al., 2008). Inadequate feed
consumption during rigorous training can result in negative
energy balance and weight loss. If consumption of a higher-
protein diet during this time would help preserve lean body
mass and favor fat loss, then the effects of negative energy
balance on the horse might be partially ameliorated. Unfortu-
nately, there have been no studies with horses that test this
hypothesis.
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Studies with human athletes have suggested that the
timing of ingestion of a protein or amino acid supplement
may affect whether a beneficial effect is observed. Consuming
protein during resistance-type exercise has been reported to
enhance protein synthesis in humans (Beelen et al., 2008).
Consuming protein or amino acid supplements shortly after
exercise has been reported to upregulate markers of protein
synthesis (Dreyer et al., 2008; Willoughby et al., 2007).
Recent literature reviews suggest that muscle soreness and
indicators of exercise-induced muscle damage in humans may
be reduced when protein or amino acid supplements are con-
sumed before, during, or after exercise, although the results
are not always consistent (Howatson and van Someren, 2008;
Negro et al., 2008). The effects of administering protein or
amino acid supplements to horses in the period immediately
before or after exercise may deserve study. It is possible that
studies performed in the past did not provide protein or
amino acid supplements at the most optimal time.

Minerals

Calcium and phosphorus are the major minerals in the equine
skeleton, and they also play important roles in energy metabo-
lism and muscle contraction. Exercise programs that mimic
race training have been reported to alter bone density
in horses (Nielsen et al., 1997). However, changes in bone
density were not observed in response to 60 km of endurance
exercise (trotting and cantering; Spooner et al., 2008). The
current recommendations for calcium and phosphorus
intakes of mature equine athletes engaged in heavy and very
heavy exercise are about double the recommended intakes
for sedentary horses (NRC, 2007). Calcium and phosphorus
intakes of horses engaged in light and moderate exercise are
also increased above maintenance, but the magnitude of the
increase is less than for horses in heavy and very heavy work
(see Table 4-1). The NRC (2007) recommendations do not
make allowances for the effect of exercise on the calcium
and phosphorus requirements of young horses (Table 4-2),
possibly because the calcium and phosphorus allowances for
growing horses are already quite high.

Owners and trainers sometimes feed extra amounts of cal-
cium and phosphorus in an attempt to produce or maintain
stronger bone. Porr et al. (1998) studied the effect of dietary

TABLE 4-2 -
Calcium and Phosphorus Requirements* in Mature
and 24-Month Old Horses with a Current Weight

of 450 kg

Phosphorus (g/d)

Calcium (g/d)
Mature No Exercise 18.0 12.6
Moderate 315 18.9
Exercise
Heavy Exercise 36.0 26.1
24-month old No Exercise 39.0 216
Moderate 39.0 216
Exercise
Heavy Exercise 39.0 21.6

*Source: NRC (National Research Council): Nutrient requirements of horses, Washington, DC, 2007, National
Academy Press.
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calcium level on changes in bone density when horses stopped
receiving regular exercise. A reduction in bone density oc-
curred when regular exercise was discontinued; however, di-
etary calcium level (58 g versus 34 g/day) had no effect on the
decrease. In growing horses, low-calcium diets can affect bone
mineralization, but once the calcium requirement is reached,
further improvements in bone density are not likely. A diet
that was deficient in calcium (0.2% of dry matter) reduced
bone mineral accrual in growing horses compared with
calcium-adequate diets containing 0.4% or 0.7% calcium,
but there was no difference in bone response between the
two calcium-adequate diets. In addition, feeding a very-
high-calcium diet (2.5% of dry matter) did not provide any
benefit to growing horses when compared with diets con-
taining 0.44% or 0.7% calcium (Thompson et al., 1988).
Nielsen et al. (1998a, b) reported that 2-year-old Quarter-
horses in race training receiving a diet containing about
0.3% calcium had lower bone density compared with horses
fed a diet with about 0.4% calcium. The daily calcium in-
takes in that study (approximately 25 g/day and 34 g/day for
the low-calcium and high-calcium diets, respectively) were
lower than those suggested for growing horses at all levels
of work (see Table 4-2).

The current dietary recommendations in Tables 4-1 and
4-2 are calculated using a calcium digestibility of 50% and a
phosphorus digestibility of 45% in horse feeds. The true di-
gestibility of calcium in most feeds is much higher than 50%
(Pagan, 1994), so it is likely that the current calcium allow-
ances for exercising horses of all ages are adequate. When
horses are fed diets with calcium digestibility below 50%, the
daily calcium allowances should be increased. Some tropical
forages may be high in oxalates, which can reduce calcium
absorption by horses. In addition, excess dietary phosphorus
can reduce calcium digestibility, so it is recommended that the
concentration of phosphorus in the diet should not exceed the
concentration of calcium in the diet. The true digestibility of
phosphorus in typical horse feeds appears to be quite variable.
The NRC (2007) recommendations for young horses are
based on diets containing inorganic phosphorus sources (i.e.,
dicalcium phosphate; monosodium phosphate) which are
believed to be more digestible than some plant-based phos-
phorus sources.

Diets containing inadequate levels of calcium or phospho-
rus can result in abnormal bone physiology. Diets that are low
in calcium and high in phosphorus can cause nutritional sec-
ondary hyperparathyroidism which can result in demineraliza-
tion of bone and, in extreme cases, lameness (NRC, 2007). As
noted above, high dietary phosphorus can reduce calcium
availability, so even if a diet contains adequate calcium, a high
phosphorus intake may result in a deficiency in the amount of
calcium absorbed by the horse. Calcium and phosphorus de-
ficiencies, excesses, or imbalances can occur in practical horse
feeding situations. Grass hays (timothy, orchardgrass, brome-
grass, Bermudagrass) tend to be low to moderate in calcium
and phosphorus, whereas legume hays (alfalfa, clover) tend to
be high in calcium and low to moderate in phosphorus. Soil
conditions can affect the mineral content of forages, so there
can be great regional variation in hay or pasture from different
areas. Plain cereal grains (oats, barley, corn) and most cereal
grain byproducts (wheat middlings, wheat bran, rice bran) are
very low in calcium and moderate to high in phosphorus.
Horses receiving grass hay and plain cereal grains or a mixture
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of a cereal grain and a grain byproduct may be consuming
inadequate calcium or excess phosphorus. This problem is
less common when horses are fed legume or legume-mix
hays. Because cereal grains and their byproducts are likely to
be low in calcium and moderate to high in phosphorus, com-
mercial concentrate mixes are usually fortified with adequate
amounts of calcium and phosphorus to produce a balanced
feed. Hand mixing cereal grains and cereal grain byproducts
with fortified commercial feeds may unintentionally alter the
ratio of calcium to phosphorus in the diet.

Calcium and phosphorus are the major minerals in bone
but the effects of other mineral or dietary supplements on
bone quality have been examined. Sodium zeolite A, a silicon
containing supplement, has been fed to horses in several
studies. Nielsen et al. (1993) reported that horses fed sodium
zeolite A had fewer musculoskeletal injuries compared with
control horses. The mechanism for the decrease in injuries
has not been elucidated, and the trial has not been repeated
to confirm the results. Supplemental silicon may affect cal-
cium retention (O’Connor et al., 2008), but there appear to
be minimal effects on bone density (Frey et al., 1992). Re-
cently, a dietary supplement containing a calcium proteinate
was studied, but the details of the preliminary study were
insufficient to assess any benefits (Atwood et al., 2007).
Many studies have evaluated the effect of dietary copper on
bone development in growing horses with variable results
(Gee et al., 2005; Knight et al., 1990b; Pearce et al., 1998).
The effect of copper supplementation on bone metabolism in
exercising horses has not been studied.

Sodium, chlorine, and potassium play essential roles in
nerve function, ion transport across cell membranes, and acid—
base balance. The maintenance requirements of sedentary adult
horses have been estimated at 20 mg/kgBW, 50 mg/kgBW, and
80 mg/kgBW for sodium, potassium, and chloride, respectively
(NRC, 2007). Conditions that increase sweat losses, such as
exercise or hot environments will increase the daily require-
ment for these minerals. The amounts of sodium, potassium,
and chloride that are lost in sweat can be calculated from sweat
composition and sweat volume. However, many factors can af-
fect sweat loss; consequently, the sodium, potassium, and chlo-
ride requirements shown in Table 4-1 should be used only as a
guide. It is likely that these values overestimate the needs of
horses in cold environments and underestimate the require-
ments of horses in hot environments. Horses that receive furo-
semide prior to racing or training may also have increased
electrolyte needs.

Chronic consumption of low-sodium diets can result in
reduced feed intake and reduced sweating rates in exercised
horses (Lindner et al., 1983; Meyer et al., 1985). Although
horses may not regulate their own sodium balance precisely,
sodium-depleted horses will voluntarily increase their salt
intake if a salt block (lick) is available (Houpt et al., 1991).
Many common feed ingredients are low in sodium and
chloride; consequently, salt is often added to commercially
manufactured concentrate mixes. The amount of salt added to
commercial manufactured concentrate mixes may not be suf-
ficient for horses performing heavy or very heavy work, espe-
cially in hot environments. Low-potassium diets may also re-
sult in reduced feed intake, but most forages are high in
potassium, so most equine diets will meet the potassium
needs for horses engaged in light or moderate exercise with-
out additional supplementation.



The relationship of cations to anions in the diet can affect
systemic acid-base balance in other species (Patience et al.,
1987; Tucker et al., 1988). Dietary cation—-anion difference
(DCAD) is often defined as follows:

DCAB = mEq[(Na + K) — Cll/kg diet DM

Other minerals that may be used to calculate DCAD are
calcium (Ca), magnesium (Mg), phosphorus (P), and sulfur
(S). When diets containing DCADs of 21, 125, 231, and 350
were fed to sedentary horses, the lowest DCAD resulted in
decreased arterial and venous pH and decreased urine pH
when compared with the two highest DCAD diets (Baker
et al., 1992). In a subsequent experiment, when trained
horses were fed diets containing DCAD of 10, 131, 206, and
323, lactate levels following a high-intensity exercise test were
higher in horses receiving the highest DCAD compared with
those in horses receiving the lowest DCAD (Popplewell et al.,
1993). In that study, sulfur was included in the equation to
calculate DCAD. In addition to altering systemic acid-base
balance, DCAD may affect other physiologic processes of
importance. DCAD has been shown to affect calcium meta-
bolism in dairy cows. Wall and coworkers (1992) reported
that lowering DCAD to 5 resulted in increased calcium excre-
tion and suggested that increased calcium excretion could
result in negative calcium balance in horses receiving low
levels of dietary calcium.

Thus far, the available data suggest that diets containing
low DCADs should be avoided. Fortunately, many common
horse rations will have at least a moderate DCAD, particularly
if they contain at least 50% hay. For example, a ration consist-
ing of 5 kg timothy hay, 5 kg oat grain, and 50 g salt would
have a DCAD of about 200 (using sodium [Na], potassium
[K], and chloride [Cl] in the equation). The amount of hay in
the ration will affect DCAD because most hays are fairly high
in potassium. Diets with low DCADs might be more common
in situations where hay intake is limited. Unmollassed beet
pulp is much lower in potassium content compared with most
hays; therefore, a diet that depends on beet pulp as the rough-
age source might have a lower DCAD.

Very few studies have investigated the trace mineral
requirements of performance horses. Recommendations for
daily intakes have been based on studies of horses in other
physiologic states (maintenance, growth, lactation), on ex-
trapolation from studies with other animals, and the absence
of clinical deficiency signs when horses are fed typical diets.
Therefore, whether the recommendations for trace mineral
intakes are sufficient for optimal performance in horses is not
known. Conversely, there is little information to suggest that
supplementation of trace minerals above the current recom-
mended levels is necessary or beneficial for performance.

The trace minerals of most interest in performance horses
are those associated with red blood cell formation or metabo-
lism, such as iron, copper, and zinc. In human athletes, iron
deficiency will progress through three stages: (1) depletion of
iron stores, (2) diminished erythropoiesis, and (3) reduced
hemoglobin production resulting in anemia (Weaver and
Rajaram, 1992). It should be noted that decreased hemoglo-
bin concentration is not apparent until the later stages of iron
deficiency. It is generally agreed that exercise performance is
reduced in individuals with anemia, but it is less clear whether
performance is impaired during the earlier stages of iron defi-
ciency (Lukaski, 2004). Iron deficiency develops when daily
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losses exceed daily intake. Daily iron losses have not been
measured in horses during training, but racehorses might be
at highest risk for uncompensated losses, as they are suscep-
tible to a high incidence of gastric ulcers and exercise-induced
pulmonary hemorrhage. The recommended iron intakes for
550-kg horses range from 440 mg for light work to 550 mg for
very heavy training (NRC, 2007). The daily recommended
iron intakes for athletic men and women are 8 mg/day and
18 mg/day, respectively (Lukaski, 2004). If the requirements
for horses and humans are compared on a body weight basis,
the recommended intakes for horses appear generous.

Iron supplements, alone or in combination with copper,
zine, and several vitamins, are often provided to horses in an
effort to increase the oxygen-carrying capacity of blood. Ben-
efits of this practice have not been documented. In controlled
studies, the use of iron supplements has failed to produce
increases in hemoglobin or packed cell volume in horses
(Kirkham et al., 1971; Lawrence et al., 1987). However, as
noted above, there are several stages of iron deficiency that
develop before anemia becomes evident. Additional research
on the iron requirements of exercising horses is warranted.

Selenium deficiency causes white muscle disease in foals,
and it has been suggested that low selenium status is linked to
exertional myopathies in adult horses. No scientific studies
support a relationship between selenium status and exertional
rhabdomyolysis or exercise-induced muscle damage. Forages
grown in areas with low selenium soils will contain concen-
trations of selenium below the proposed dietary requirement.
However, selenium is commonly added to commercial con-
centrates at levels that will compensate for any deficiency of
selenium in the forage portion of the diet. Therefore, if a horse
is receiving a commercially manufactured fortified concen-
trate, it is unlikely that additional selenium supplementation
will be necessary. Most commercially manufactured concen-
trates are fortified with other trace minerals, including copper,
zinc, manganese, iodine, and iron. Indiscriminate use of ad-
ditional trace mineral supplements should be avoided because
of the potential for toxicity and negative interactions with
other nutrients.

Vitamins

Many common horse feeds are good sources of vitamins. In
addition, some vitamins are synthesized and absorbed in the
large intestine. However, the requirements of performance
horses for most vitamins have not been studied, and the ade-
quacy of typical diets for optimal performance is unknown.
Vitamin E functions as a biologic antioxidant that protects
membranes against damage from free radicals. This function
may be particularly important during exercise, when the for-
mation of damaging compounds such as peroxide and hy-
droxyl radicals may be increased. In rats with vitamin E
deficiency, exercise performance was impaired (Gohil et al.,
1986), but studies in horses have failed to show a clear rela-
tionship between vitamin E intake and performance. Petersson
and coworkers (1991) could not demonstrate differences
in any indicators of membrane integrity between exercised
and nonexercised horses receiving a diet low in vitamin E
(<10 mg/kg) for 4 months. In addition, there did not appear
to be any effect of dietary vitamin E level on the horses’
response to a standardized exercise test. Siciliano et al. (1997)
found that vitamin E status declined in exercising horses when
they received approximately 1.6 international units (IU) of
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vitamin E per kilogram body weight but not when they
received 6 1U/kgBW. It has been suggested that the vitamin
E requirements in Table 4-1 may not be optimal for all perfor-
mance horses (NRC, 2007), but objective studies defining the
requirements are not available. Vitamin E is usually added to
horse feeds as an ester of a-tocopherol. However, there are
several naturally occurring compounds with vitamin E activity,
including four tocopherols and four tocotrienols (NRC, 2007).
Gansen and coworkers (1995) did not find a beneficial effect
of a supplement containing natural vitamin E on the exercise
response of Thoroughbred horses.

Vitamin C is another nutrient that functions as an antioxi-
dant. It is generally believed that horses are capable of synthe-
sizing adequate vitamin C. However, low plasma ascorbic acid
concentrations in horses compared with other species have
caused speculation that horses may require supplementation
of this vitamin (Snow et al., 1989). In addition, exercise has
been shown to alter plasma or serum ascorbic acid concentra-
tion in horses (Hargreaves et al., 2002; Marlin et al., 2002).
Studies defining a requirement or a benefit of supplementa-
tion have not been conducted. More information regarding
the relationship between antioxidants and exercise perfor-
mance can be found in the section of this chapter related to
supplements.

As discussed earlier in this chapter, B vitamins may be ob-
tained from the diet or from microbial synthesis in the large
intestine. Whether horses can synthesize adequate quantities
of B vitamins to meet the needs of heavy exercise has been
questioned (Frape, 1989). The B vitamins play important
roles in RBC physiology and in energy metabolism and are,
therefore, key nutrients for exercising horses. In other species,
deficiencies of folacin or vitamin B}, can result in megaloblas-
tic anemia, but this situation has not been documented in the
horse. Studies that have examined the effect of vitamin B,, or
folacin supplementation on RBC numbers in performance
horses have not been conducted. Alterations in blood levels of
these vitamins in performance horses have been reported, but
the significance of such changes to performance is not known.
The NRC currently makes no recommendation for desirable
dietary folacin or vitamin By, levels.

Thiamin (vitamin B,), riboflavin (vitamin B,), niacin, pyri-
doxine (vitamin Bg), pantothenic acid, and biotin are involved
in energy metabolism, usually as cofactors in enzymatic reac-
tions. Because exercise increases energy expenditure, the re-
quirements for these vitamins may be increased. When exer-
cising horses were fed diets containing 2 mg, 4 mg, or 28 mg
thiamin per kilogram of diet dry matter, blood lactate levels
were lowest in the horses receiving 28 mg/kg (Topliff et al.,
1981). The results of this study may be interpreted to suggest
that the thiamin requirement of working horses is between
4 mg/kg and 28 mg/kg.

The riboflavin requirement for exercise has not been
studied in horses, but it has been suggested that exercising
horses should be fed riboflavin 0.05 mg/kg BW. This recom-
mendation is actually higher than the recommendation for
humans when differences in body weight are considered.
The NRC does not make recommendations for any other
B vitamins or for vitamin C. Biotin supplementation (up to
30 mg/day) is believed to improve hoof condition in some
horses (NRC, 2007), but biotin supplementation (50 mg/day)
did not affect the response of Thoroughbreds to an exercise
test (Lindner et al., 1992).
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Several nutrients, including vitamin E, selenium, vitamin A,
and zinc, are known to be important for optimal immune func-
tion. Deficiencies of these nutrients have been linked to im-
paired immune responses in other species and occasionally in
horses (Knight et al., 1990a). Rigorous exercise may lead to
depressed immune function, at least in human athletes (Malm,
2004). The requirements of horses for optimal immune func-
tion have not been determined but the interactions among nu-
trition, immune function, and exercise deserve consideration.

Use of Dietary Supplements for Performance Horses

Owners and trainers often look to dietary supplements to en-
hance the performance of their horses. An ergogenic aid is a
substance that increases or improves work performance. By
definition, an ergogenic aid is not limited to nutritional or di-
etary compounds but may include drugs or mechanical aids
such as nasal strips. This enhancement of performance can be
measured as increased speed, power, endurance, or all of these
and is obtained through increased exercise capacity, enhanced
physiologic processes, and reduced psychological inhibition or
through providing a mechanical advantage (Brooks et al.,
1995). Specifically, ergogenic aids are believed to have psycho-
logical benefits, decrease energy requirements, increase muscle
mass, increase efficiency of movement, provide fuel, increase
stored energy, improve metabolic efficiency, reduce substrate
depletion, improve high energy phosphate ratios, reduce ac-
cumulation of end-products, and reduce damage to tissues
(Harris and Harris, 2005).

Several dietary supplements are commonly considered er-
gogenic aids, including caffeine, creatine, and carnitine, but
vitamins and amino acids may also fit the classification. In
fact, under the broadest definition, carbohydrates and fats
could be considered ergogenic aids as they can significantly
enhance the ability of an animal to exercise through the provi-
sion of fuel. Many ergogenic aids are non-nutritional such as
narcotics and stimulants but may also include compounds
such as erythropoietin, furosemide, and anabolic steroids. The
use of any ergogenic products in equine sport is highly con-
troversial, and many countries and horse organizations at-
tempt to ban substances with such performance-enhancing
properties, including some dietary supplements.

The numerous dietary supplements that are available make
claims of athletic-enhancing properties. However, these claims
are often unfounded when researched thoroughly. Measure-
ment of performance is difficult, though the use of treadmills
(to control work intensity) and the measurement of oxygen
uptake and metabolites (as indicators of athletic capacity such
as VO, and the lactate threshold) facilitate the ability to
obtain quantitative data. However, even such well-controlled
laboratory studies do not predict the potential effects of a
supplement in the field. Complicating the matter is that a
statistically insignificant effect in a research study may be very
significant in competition (Snow, 1994). It is well-recognized
that it is expensive and difficult to adequately verify beneficial
effects of dietary supplements on performance. At a minimum
however, ergogenic products and nutritional supplements,
should be tested for safety.

Table 4-3 lists a number of dietary supplements commonly
used in equine sport and their proposed metabolic effects.
Dietary supplements will be discussed further; however, com-
pounds such as hormones and diuretics are beyond the scope
of this section.



CHAPTER 4 Nutrition of the Performance Horse 47

TABLE 4-3 I
Dietary Supplements Used as Ergogenic Aids in Horses
R e 4 A . -/ A
Substance Proposed Effect Reference*
Vitamin E Antioxidant McMeniman and Hintz, 1992
Siciliano et al., 1997
Williams and Carlucci, 2006
Vitamin C Antioxidant White et al., 1991
Williams et al., 2004
Coenzyme Q10 Antioxidant, electron transport Rathgeber-Lawrence et al., 1991
Carnitine Increase fatty acid transport Harris et al., 1995
Zeyner and Harmeyer, 1999
Rivero et al., 2002
Niemeyer et al., 2005
Creatine Improve high energy phosphate ratio Sewell and Harris, 1995

Omega-3 Fatty Acids

Chromium

B Vitamins

Branched-Chain Amino Acids

Methylsulphonylmethane (MSM)

L-histidine
and B-alanine

Dimethylglycine (DMG), Betaine Reduce lactic acid

Improve cardiovascular efficiency, antioxidant

Improve glucose utilization

Improve energy metabolism

Energy source, reduce central fatigue

Antioxidant/Anti-inflammatory

Precursor to carnosine myocyte buffer

Schuback et al., 2000
D’Angelis et al., 2005

O’Connor et al., 2004
De Moffarts et al., 2007

Pagan et al., 1995

Lindner et al., 1992
Turner et al,, 2006

Glade, 1991
Casini et al., 2000
Stefanon et al., 2000

Maranon et al., 2008

Powell et al., 1991
Dunnett and Harris, 1999

Rose et al., 1989
Warren et al., 1999

*The cited studies investigated the effects of the specified supplement but did not necessarily find benefits. Please see the list of References at the end of the chapter.

Antioxidants

With exercise metabolism, there is the formation of free radi-
cals and reactive oxygen species. The accumulation of these
compounds is normally controlled through the body’s anti-
oxidant and free radical scavenging systems (for a review, see
Kirschvink et al., 2008). However, with intense exercise, it is
believed that these defense systems are overwhelmed, and
muscle damage can occur (Kirschvink et al., 2008). Thus, the
supplementation of various compounds with proposed anti-
oxidant properties is commonplace for athletes. Antioxidants
are purported to reduce the extent of lipid peroxidation and
muscle damage, and their efficacy is often measured through
the assessment of thiobarbituric acid reactive substances
(TBARS), glutathione peroxidase (GPx) and superoxide dis-
mutase (SOD) activities, and the extent of muscle damage is
reflected by measurement of creatine kinase (CK) and aspar-
tate transaminase (AST) activity (Kirschvink et al., 2008).
Vitamin E is the most common antioxidant fed to horses,
despite conflicting evidence for its effectiveness in reducing
oxidative damage from exercise (McMeniman and Hintz,
1992; Siciliano et al., 1997; Williams and Carlucci, 2006).
Nonetheless, vitamin E status has been shown to be affected
by exercise, so exercising horses should be fed above basal
levels (NRC, 2007). Although vitamin E is relatively nontoxic,

large doses of vitamin E given to intensely working horses
have been shown to negatively affect the status of B-carotene,
another antioxidant (Williams and Carlucci, 2006). Vitamin C
(ascorbic acid) has been shown to prevent exercise-induced
increases in thiobarbituric acid reactive substances (TBARS)
and maintain antioxidant status in blood in Thoroughbred
racehorses, though serum CK was not affected by supplemen-
tation (White et al., 2001). Another study compared vitamin E
supplementation, alone or with vitamin C, in endurance
horses (Williams et al., 2004). Despite an increase in plasma
ascorbate, there was no benefit of vitamin C supplementation
on CK or AST activities. Both treatment groups showed oxida-
tive stress despite antioxidant supplementation. Coenzyme
Q10, or ubiquinone, is part of the electron transport chain of
mitochondria but is also considered an antioxidant. One study
in horses failed to show any effect of Q10 on exercise perfor-
mance (Rathgeber-Lawrence et al., 1991). The omega-3 fatty
acids may also have antioxidative properties in their ability to
affect the membrane fluidity of RBCs. When fish oil extract
(containing eicosapentaenoic acid and docosahexaenoic acid
[EPA and DHA]) was fed to horses in combination with
vitamin E and copper, erythrocyte membrane fluidity was
maintained following exercise, though there was no effect on
the oxidant—antioxidant balance (De Moffarts et al., 2007).
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Fish oil supplementation was also shown to reduce HR in
exercising horses (O’Connor et al., 2004). Methyl-sulphonyl-
methane (MSM) is an organic source of sulfur, a component
of glutathione. Recently, MSM fed alone or in combination
with vitamin C reduced the formation of lipid hydroperoxides
induced by training and maintained glutathione levels in
plasma following training (Maranon et al., 2008).

Creatine

Creatine (methylguanidine-acetic acid) is an amino acid deriva-
tive found in skeletal muscle, primarily as creatine phosphate.
Muscle creatine concentrations are relatively low (100-150
millimoles per kilogram [mmol/kg] dry weight). Creatine
phosphate is utilized by the muscle as a high energy phosphate
donor to regenerate ATP from ADP in the early stages of exer-
cise. Because of creatine’s ability to maintain energy status, as
well as its ability to buffer the hydrogen ions produced during
high intensity exercise, attempts to increase muscle creatine
content through supplementation are common. In humans,
creatine is consumed through meat but may also be produced
by the kidneys or liver (Bemben and Lamont, 2005; Schoch
et al., 20006). In the horse, it is likely that the only source of
creatine is via synthesis in the liver, and there is no dietary
requirement of creatine. Similar to vegetarians who show ben-
efits from creatine supplementation (Venderley and Campbell,
2000), it is possible that horses may benefit as well. However,
when supplemented orally, creatine must first be absorbed
from the digestive tract and then transported to the site of
action, the skeletal muscle. Absorption from the digestive tract
is thought to be either through the creatine transporter 1
(CT1) carrier system or through paracrine action (Orsenigo
et al., 2005). The transporter into the muscle, CreaT appears
to be regulated by diet and physical conditioning (Schoch
etal., 2000). In humans, oral doses of 250 mg/kgBW have been
shown to increase muscle creatine concentrations and force
production during exercise (Bemben and Lamonte, 2005).
Studies in horses have not shown any athletic benefits to oral
creatine supplementation (D’Angelis et al., 2005; Schuback
et al., 2000; Sewell and Harris, 1995), possibly because it is
poorly absorbed (Sewell and Harris, 1995). It is unknown if
intravenous supplementation would be beneficial to horses.

Carnitine

L-Carnitine is required for the transfer of long chain fatty
acids across the inner mitochondrial membrane into the
mitochondrial matrix for oxidation. Carnitine is a constitu-
ent of several enzymes involved in this transfer; carnitine—
palmityl transferase I, carnitine-palmityltransferase II, and
carnitine—acylcarnitine translocase (Zeyner and Harmeyer,
1999). The transportation of fatty acyl chains into the mito-
chondrial matrix are considered a rate-limiting step for
fat oxidation, and thus any increase in enzymatic transfer
capacity has the potential to enhance fat oxidation. The car-
nitine complex also acts as an acetyl-buffer by accepting
acetyl groups from acetyl-CoA to form acetyl carnitine. This
maintains CoA available for substrate flux through the citric
acid cycle and pyruvate dehydrogenase reactions (Zeyner
and Harmeyer, 1999). Oral carnitine administration in-
creases plasma carnitine in the horse, but bioavailability is
low (Harris et al., 1995). In addition, it appears that there is
minimal effect of oral carnitine supplementation on muscle
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carnitine concentration (Foster et al., 1988). Despite this,
muscle adaptations, including increases in the percentage of
type IIA muscle fibers and a rise in the capillary to fiber ratio,
were observed in horses when supplemented with oral
L-carnitine during 5 weeks of exercise training (Rivero et al.,
2002). However, there was no effect of such supplementation
on responses to exercise such as HR (Niemeyer et al., 2005).

Amino Acids

Amino acids may be used directly as a source of energy for
exercise, for muscle protein synthesis or for the synthesis of
intermediary enzymes. The branched chain amino acids
(BCAA,; leucine, isoleucine, and valine) are believed to be
related to the onset of central fatigue. The proposed role of
BCAA in central fatigue is based on their interaction with
tryptophan metabolism. Tryptophan is used for the synthesis
of 5-hydroxytryptamine (also known as serotonin) in the
brain. High levels of 5-hydroxytryptamine can induce sleep,
thus it has been suggested that an increase in tryptophan in
the brain could contribute to central fatigue. The BCAA can
regulate tryptophan uptake into the brain at the blood-brain
barrier, such that an increase in BCAA reduces tryptophan
uptake, potentially reducing serotonin and fatigue. Trypto-
phan administration (IV 100 mg/kgBW), resulting in plasma
concentrations nine times the levels at resting, does appear to
decrease exercise performance in horses (Farris et al., 1998).
However, while pharmacological amounts of tryptophan affect
exercise performance, tryptophan concentrations only double
during a controlled 72-km ride (Assenza et al., 2004); thus, it
is unknown if physiologic levels of tryptophan affect perfor-
mance. Similarly, the tryptophan: BCAA ratio increases with
endurance riding (72 km), although it is unknown if exercise
potential was affected (Assenza et al., 2004). To this point,
administration of BCAA to horses does not appear to affect
exercise performance (Casini et al., 2000; Stefanon et al.,
2000), though one study did report reduced lactate concentra-
tions in horses undergoing light exercise when supplemented
with BCAA (Glade, 1989).

There is significant interest in the amino acids L-histidine
and 3-alanine because of their role in the synthesis of carnosine.
Carnosine is found in relatively high amounts compared with
other athletic species such as greyhound and man and functions
as a buffer within muscle cells (Harris et al., 1990). In man,
B-alanine supplementation was shown to increase muscle carno-
sine concentrations and improved muscle torque during
repeated isometric contractions (Derave et al., 2007). In the
horse, histidine, alone (Powell et al., 1991) or in combination
with B-alanine (Dunnett and Harris, 1999), has resulted in
inconclusive results. In both studies, muscle carnosine increased
with supplementation; however, these increases were not signi-
ficant overall. Nonetheless, Dunnett and Harris (1999) did find
that horses that had increased carnosine concentration also had
increased buffering capacity, and Powell et al. (1991) reported a
similar but nonsignificant trend for increased buffering.

Several other amino acids, including glycine, have been
purported to have ergogenic effects. Specifically, dimethylgly-
cine (DMG) is a component of choline metabolism and serves
as a methyl donor. DMG was initially believed to be beneficial
for exercise through the reduction of lactate concentrations;
however, DMG supplementation to Thoroughbred horses
completing a standardized exercise test to intensities of 100%



VOimax had no effect on plasma lactate, HR, or blood pH (Rose
et al., 1989). Trimethylglycine (betaine) was shown to reduce
lactate in untrained horses but not in trained horses (Warren
et al.,, 1999b). Lysine and threonine supplementation was
found to increase subjective muscle mass scores in young
(<10 years of age) and aged (>20 years of age) horses, with
no apparent detrimental effects, though exercise performance
was not tested (Graham-Thiers et al., 2005).

Other Supplements

Several other micronutrients and feed components are re-
ported to have some ergogenic benefits. A horse deficient in
any nutrient will show benefit (ergogenic and otherwise) to
supplementation. However, nutrients normally required in the
diet, fed at amounts higher than recommended, generally do
not produce ergogenic benefits. Chromium is believed to func-
tion as the glucose tolerance factor to assist insulin functions,
specifically with respect to glucose metabolism, anabolism,
and muscle gain. In humans, reports of increased muscle mass
are unfounded; in fact, chromium may alter iron status
(Wolinsky, 1998). One study in trained horses found a small
decrease in lactate concentrations during a standardized exer-
cise test (Pagan et al., 1995), though this may have been
related to reduced chromium status. Iron status is highly re-
lated to exercise capacity because of its importance in oxygen-
carrying capacity. However, supplemental iron has no benefi-
cial effect on RBC count or hemoglobin concentration, and the
detrimental effects of iron (toxicity and interactions with other
minerals such as zinc) should dissuade horse owners from
utilizing iron as an ergogenic aid (Lawrence et al., 1987;
Lindner et al., 1992). The B vitamins, because of their general
functions associated with carbohydrate and lipid metabolism,
are often purported to have benefits to exercise. Biotin is the
only B vitamin studied specifically in the horse with respect to
exercise performance, and it was found to have no effect on
lactate concentrations (Lindner et al., 1992). Recently, how-
ever, a bee pollen product, reported to contain high amounts
of thiamin and other B vitamins was found to increase feed
intake in exercised horses; however, the study numbers were
small, and no effect on athletic performance was recorded
(Turner et al., 2006). Herbal products such as Echinacea may
have some beneficial effects and are reviewed elsewhere
(Williams and Lamprecht, 2008). Other compounds com-
monly found in equine products include B-hydroxy-p-methyl

TABLE 4-4
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butyrate (HMB) and <y-oryzanol, though there are no pub-
lished papers supporting their efficacy.

Feed Selection
Forages
Pasture can be an excellent forage source for horses, but
many performance horses have little or no access to pasture.
When pasture is not available, some type of conserved forage
must be used instead. Many types of conserved forages are
acceptable for horses as long as they are clean and free from
mold and dust. The most common conserved forages are hay,
hay cubes, and haylage. Although haylage is not common in the
United States, it is used effectively in many parts of the world.
The forages that are available in any geographic area will usually
depend on the climate and growing conditions of that area. In
most of Europe and North America, forages that are well
adapted to cooler climates (cool season plants) are often fed to
horses. Common cool season forages include timothy, orchard-
grass, bromegrass, perennial ryegrass, alfalfa, and some clovers.
In warmer climates, warm season plants may be more common.
Bermudagrass, bahiagrass, big bluestem, and lespedeza are
examples of forages that are well adapted to warmer climates.
The average nutrient content and chemical composition
of forages varies among warm and cool season plants and
between grasses and legumes. Soil fertility and growing condi-
tions can also affect the nutrient content of forages, particu-
larly the protein and mineral composition. Soils that are low
in nitrogen or certain minerals will often produce forages that
are low in those nutrients. One of the most important factors
affecting the nutrient content of forages is the stage of matu-
rity of the plant at the time of harvest. Terms used to describe
forage maturity include vegetative (very early maturity; mate-
rial is leafy and rapidly growing as in spring pasture);
prebloom (early maturity; the forage is beginning to make
flowers or seed heads but they have not emerged); bloom
(midmaturity; the forage has flowers or seed heads); post-
bloom (late maturity; seed heads are mature). The forages
with the highest nutrient density are usually legume or
legume—grass mixes that are harvested at an early stage of
plant maturity (Table 4-4). The forages with the lowest nutri-
ent density are usually grasses that are harvested at a late stage
of maturity. Mature forages have seed heads, thick stems, and
relatively high fiber concentrations. Forages are commonly
analyzed for two categories of fiber: (1) acid detergent fiber

Nutrient Composition of Various Hays (90% Dry Matter Basis)

T s . -

(ategory DE (Mcal/kg) % NDF 9%ADF %CP %Ca %P
Alfalfa Hay - Early Maturity Legume 2.2 354 28.7 17.9 13 0.2
Alfalfa Hay - Late Maturity Legume 1.9 439 34.8 15.3 1.1 0.2
Timothy Hay - Early Maturity Cool season grass 1.9 55.3 31.7 9.7 0.5 0.3
Timothy Hay - Late Maturity Cool season grass 1.6 62.9 376 7.0 0.3 0.2
Bermudagrass Hay - Early Maturity Warm season grass 1.9 65.7 30.6 10.8 04 0.3
Bermudagrass Hay - Late Maturity Warm season grass 1.7 68.9 34.5 7.0 0.3 0.2

ADF, acid detergent fiber; (g, calcium; (P crude protein; D, digestible energy; NDF, neutral detergent fiber; £ phosphorus.
Source: NRC (National Research Council): Nutrient requirements of horses, Washington, DC, 1989, National Academy Press.
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(ADF) and (2) neutral detergent fiber (NDF). The ADF frac-
tion contains cellulose and lignin. The NDF fiber fraction
contains the ADF fraction as well as hemicellulose. From a
nutritional perspective, the NDF and ADF concentrations in
forages are important because they negatively influence di-
gestibility and also possibly palatability. The microbial popu-
lation in the large intestine can digest much of the cellulose
and hemicellulose in forages, but lignin is essentially nondi-
gestible. Cellulose, hemicellulose, and lignin compose the
rigid portion of the plant cell walls, and in general, as the
plant matures, the concentrations of these compounds in-
crease. Grasses usually have higher levels of NDF than le-
gumes but the ADF content can be relatively similar between
legumes and grasses.

Concentrates

Concentrates are used to increase energy intake and also to
supply any nutrients that are not adequate in the forage. Plain
cereal grains (such as oats, barley, and corn) are good sources
of energy but are deficient in some nutrients. Many feed com-
panies manufacture fortified concentrates for performance
that contain cereal grains, as well as protein, vitamin, and
mineral supplements. These concentrates may be in the form
of a “sweet feed” (also called a textured feed) or a “pelleted
feed.” Concentrate feeds that are made using extrusion tech-
nology may also be available.

Concentrates should be selected and fed in amounts that
complement the forage in the diet and the nutrient needs of
the horse. When horses are receiving mature grass hay, the
amount of nutrients that must be supplied by the concentrate
will be higher than when horses are receiving legume hay. For
example, when a performance horse is fed a legume hay
(>15% crude protein), a concentrate containing 10% to 12%
crude protein may be sufficient. However, if a mature grass
hay containing less than 10% crude protein is used, then a
concentrate containing more than 12% crude protein should
be selected. Similarly, the concentrate must provide more di-
gestible energy when mature grass hay is fed than when early
maturity alfalfa hay is used.

Many commercial concentrates are marketed on the basis
of protein quantity, but diets should meet amino acid require-
ments as well as crude protein requirements. The NRC (2007)
recommendations for crude protein requirements are based
on a lysine percentage in the crude protein of 4.3%. Lysine is
typically the most limiting amino acid; therefore, if the diet is
adequate in lysine, it is usually considered to be adequate in
other amino acids. If the lysine level in crude protein is lower
than 4.3%, then the amount of crude protein in the diet
should be increased to ensure that an adequate amount of ly-
sine is consumed by the horse. The lysine levels of several
feed ingredients are shown in Table 4-5. Some feed ingredi-
ents are adequate in crude protein but may be low in specific
amino acids; or the amino acids may not be available for ab-
sorption from the small intestine. When these ingredients are
incorporated into horse feeds, feed companies may increase
the amino acid content of the feed by incorporating an amino
acid supplement into the formulation.

Most commercial horse feed manufacturers offer at least
one, and often several, concentrate feeds that have been for-
mulated for equine athletes. Cereal grains (oats, corn, barley,
etc.) are the traditional source of digestible energy in perfor-
mance horse feeds. In recent years, cereal grains have been
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TABLE 4-5 -

Crude Protein and Lysine Content of Some Common
Feed Ingredients

S Em A

% Crude % Lysine % Lysine

Protein in Crude Protein
Alfalfa Meal 17 0.74 43
Oats 11.5 0.4 35
Barley 1.3 0.41 3.6
Corn 83 0.26 3.1
Wheat Middlings 15.9 0.57 3.6
Wheat Bran 15.7 0.64 4.1
Distillers' Dried 27.7 0.74 2.7

Grains with Sol

Soybean Meal 43.8 2.83 6.5
Flax Meal 33.6 1.24 3.7

*Source; NRC (1989)
Source: NRC (National Research Council): Nutrient requirements of horses, Washington, DC, 1989, National
Academy Press.

replaced in some commercial concentrate feeds by other
ingredients, including beet pulp, soybean hulls, wheat mid-
dlings, and rice bran. High-fat ingredients such as vegetable
oil, rice bran, whole roasted soybeans, and sunflower seeds
are often added to increase the energy density (Mcal of DE/kg
feed), to alter the form of energy absorbed by the horse, or
both. As discussed previously, diet composition may influence
the availability and utilization of energy substrates during
exercise. Diets containing elevated levels of fat may induce
changes that allow horses to utilize more fat during exercise,
thus sparing carbohydrate stores. This type of adaptation may
be more important for horses performing endurance-type
exercise than for horses that perform at maximal intensity for
brief periods, such as race horses.

Ingredients such as beet pulp and soybean hulls provide
additional fiber in the diet, which may be important to gastro-
intestinal health, particularly if hay intake is limited. These
fiber sources are relatively well digested and thus can be a use-
ful source of digestible energy in the diet. When these ingre-
dients replace cereal grains in the concentrate, the level of
starch in the diet is usually reduced. Concentrates with added
fat, increased fiber, and reduced starch levels may be desirable
for horses that must consume large amounts of concentrate to
maintain body weight. These feeds provide adequate calories
and can reduce the risk of starch bypass to the large intestine.
In addition, reduced starch diets may convey some benefits to
horses with recurrent exertional rhabdomyolysis (MacLeay
et al., 1999), although management of this disorder is not
usually accomplished by diet alone (McKenzie et al., 2002).

Some commercially manufactured concentrate feeds in-
clude products described as probiotics or prebiotics. Probiotics
and prebiotics are usually intended to influence the microbial
population of the gastrointestinal tract, enhance digestion, or
improve gastrointestinal health. Some of these products may
include live microbes, and/or the fermentation products of live
cultures from Lactobaccillus Sp, Saccharomyces cerevisiae,
Aspergillus oryzae, or other organisms. Although there have
been many research trials with various probiotic and prebiotic



products, the benefits to performance horses have not been
well documented. Various factors could be important to
the success of these products, including the diet of the horse,
the overall health of the horse’s gastrointestinal tract, and the
actual composition of the product. Most research trials use
normal horses in relatively unstressed environments and
additional research with animals under competition stress is
probably warranted.

Nutritional Supplements

Nutrient supplements should be added to the diet only when
there is a clear need. Indiscriminate use of supplements may
result in unbalanced diets or possibly toxicities. Most com-
mercial feeds are fortified with enough vitamins and trace
minerals that additional nutrient supplementation is not
likely to be a benefit. Possible exceptions would be biotin for
horses with poor hoof quality and electrolytes for horses in
warm environments.

Although most commercially manufactured performance
horse feeds do not require additional supplements, concen-
trates entirely composed of cereal grains will need to be sup-
plemented with a variety of nutrients. Oats, corn, and barley
are deficient in calcium and are low in many trace minerals
and vitamins. Some feed manufacturers sell a supplement re-
ferred to as a balancer pellet, which can be used when horses
are receiving diets consisting of only hay and oats or other
cereal grains.

Feeding Management

A mature idle horse can eat between 2 kg and 2.5 kg of dry
matter for each 100 kg of body weight. Hay and concentrate
are about 90% dry matter, so maximum total daily feed intake
for a 500-kg horse will range from 11 kg to 14 kg per day.
Forage will comprise the majority of the idle horse’s diet
(Table 4-6). As nutrient needs increase with increasing work
level, forage is gradually replaced with concentrate. At the
highest levels of work, performance horses will need to con-
sume relatively high levels of concentrate, even if the forage
quality is high (see Table 4-6). When total feed intake drops
below 2 kg/100 kgBW, energy requirements for heavy and
very heavy work can only be met if the diet contains mostly
concentrate. High concentrate intakes may compromise gas-
trointestinal health, so feeding management should focus on
maintaining normal feed intake.

The type and form of the available forage can affect feed
intake in horses. Todd and coworkers (1995) reported that
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horses consumed more dry matter when alfalfa was offered as
a cube than when it was offered as long-stemmed hay.

Several studies have observed that horses will consume
alfalfa hay at a higher rate than grass hay (Crozier et al; 1997,
Dulphy et al., 1997; LaCasha et al., 1999). The NDF concen-
tration of forages may be an important determinant of volun-
tary dry matter consumption. In general, horses will consume
less total forage if the forage is higher in NDF (St. Lawrence
et al., 2000). Forages that are high in NDF include warm and
cool grasses that were harvested in a late stage of maturity.

It is expected that voluntary forage intake will be reduced
when low quality forages are used. Reduced forage consump-
tion may not be a problem for horses performing light exercise
because a small amount of added concentrate will compensate
for any nutrient deficits. However, reduced forage palatability
or consumption can be problematic for horses performing
very heavy exercise. When horses consume mature forages
with lower nutrient density, excessive amounts of concentrate
will be needed to meet the horse’s nutrient needs for very
heavy exercise (see Table 4-6).

Most performance horses are fed two or three meals of
concentrate per day. Concentrate meals should be as evenly
spaced as possible, and meal size should be determined by
the horse’s appetite and also the composition of the concen-
trate. Most horses can consume 1 to 2 kg of concentrate in
10 to 15 minutes. In some parts of the world, chaff is mixed
with concentrate to slow the rate of consumption and also to
increase the intake of dietary fiber. As meal size increases,
horses may take longer to finish the concentrate. If a horse
fails to consume all of the concentrate offered in a meal, it
may be necessary to reduce the meal size and increase the
number of meals offered per day. Meal size may also be influ-
enced by the chemical composition of the concentrate. The
overflow of rapidly fermented carbohydrates to the large in-
testine will be increased when a single meal provides more
than 2 to 3 g/kgBW of nonstructural carbohydrate (NSC:
starch + simple sugars). For a 500-kg horse, this would be a
maximum of 1 to 1.5 kg of NSC per meal. If a concentrate
contains 40% NSC, then the maximum meal size would be
2.5 to 3.7 kg. If the concentrate contains 60% NSC, then the
maximum meal size would be only 1.7 to 2.5 kg. The amount
of NSC in a concentrate will be determined by the type and
inclusion rates of the various ingredients; consequently, the
amount of NSC in commercially manufactured feeds can vary
widely. In the United States, feed companies are not required
to report the level of NSC on the feed tag or bag, but many

TABLE 4-6 ~——
Effect of Hay Quality on Concentrate Intakes for A 500-kg Horse at Different Levels of Work*

= : -~ S

dle Light Work Moderate Work Heavy Work Very Heavy Work

Maximum expected total daily feed intake (as fed) 11-14 kg 11-14 kg 11-14 kg 11-14 kg 11-14 kg
Early Maturity Alfalfa-timothy Hay* 8-9 kg 9-10 kg 9-10 kg 8-9 kg 6-7 kg
Concentrate* 0kg 0-1 kg 1-2 kg 3-4 kg 6-7 kg
Late Maturity* Timothy Hay 10-11 kg hay 9-10 kg 8-9 kg 7-8 kg 5kg
Concentrate* 0kg 1-2 kg 3-4 kg 4-5 kg 8-9 kg**

*Early maturity alfalfa-timothy hay is estimated to contain (as fed basis): 2.0 megacalories (Mcal) digestible energy per kilogram (DE/kg), 14% crude protein (CP), 0.7% calcium (Ca) and 0.3% phosphorus (P); late maturity
timothy hay is estimated to contain 1.6 Mcal DE/kg; 7% CP, 0.3% Ca, 0.2% P; concentrate is estimated to contain 3.0 Mcal DE/kg, 13% CP, 0.7% Ca, 0.5% P
**This diet is not recommended. To avoid excessive concentrate intakes, diets of horses engaged in very heavy work should utilize high-quality hay.
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feed companies will provide the information if requested, or
a feed can be submitted to a laboratory for analysis. This in-
formation can then be used to make better feeding decisions.
There is a common misconception that sweet feeds are higher
in NSC compared with pelleted feeds because they contain
molasses. The amount of molasses added to sweet feeds is
usually small (5%—-8% of the total mix) and the amount of
NSC contributed by the molasses is minor in comparison
with the amount contributed by cereal grains or cereal grain
byproducts. It is not uncommon for a sweet feed containing
beet pulp or another fiber source to be lower in NSC com-
pared with a pelleted feed that is based on cereal grains or
their byproducts.
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Concentrates with reduced levels of NSC usually contain
increased levels of digestible fiber sources and relatively high
levels of added fat (6%-10%). Fat supplemented feeds have
been reported to be well accepted and well digested by horses
in research trials (Bowman et al., 1979; Duren et al., 1987;
Kronfeld et al., 2004). However, anecdotal reports from own-
ers and trainers suggest that some feeds with elevated fat and
fiber levels are poorly accepted by some horses. If a feed is
poorly consumed, it will not provide the calories needed to
maintain body weight. The choice between a traditional grain-
based concentrate and a reduced NSC concentrate with higher
fiber and fat levels may be dictated by the dietary preferences
of individual horses.
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For more than 50 years, evaluation of the hemogram and
plasma or serum biochemistry has been a cornerstone in
the assessment of the athletic horse. Initially, investigations
focused on the hemogram, which was assessed manually using
the hemocytometer. Currently, automated techniques are avail-
able for both hematologic and plasma or serum biochemical
measurements, resulting in a wider range of available measure-
ments as well as less expense per test. This has given rise to
“profiles,” where a large number of measurements are per-
formed on each blood sample with the ability to provide access
to the function of a range of body systems to screen for “fitness”
to race and to screen for disease that may affect performance.
Despite much investigation, there has been little evidence to
suggest that any routine clinicopathologic tests in the resting
state can detect athletic fitness or performance potential. How-
ever, the role of clinical pathology in detection or support of
subtle or subclinical disease and overtraining that can have a
large impact on performance cannot be underestimated.

Although abnormalities may be found, in many cases, it is
difficult to interpret the findings in the absence of a detailed
physical examination. It also must be remembered that with a
large number of analyses, one could be outside the normal range
by chance and not because of any particular pathology. It is use-
ful, therefore, to view minor abnormalities found on a “profile”
critically, since they may have no pathologic significance.
Particular care must be taken in interpretation of changes in the
red blood cell (RBC) indices (erythrocyte numbers, hematocrit,
and hemoglobin) because of the labile nature of the RBC pool.

In this chapter, we will examine some of the factors that
can affect the interpretation of the hemogram, leucogram, and
biochemical profile, including technical considerations, as
well as the influence of exercise and training.

RESTING HEMOGRAM, LEUCOGRAM, AND
SERUM OR PLASMA BIOCHEMICAL VARIABLES

BLOOD COLLECTION TECHNIQUES

Blood samples are usually collected from the jugular vein
by using evacuated collection tubes (Vacutainer, Beeton-
Dickinson, Cockeysville, MD) with double-ended needles.
This system allows quick and simple sample collection. For
hematology, blood is collected into tubes containing ethylene-
diarninetetraacetic acid (EDTA) as an anticoagulant, whereas
lithium or ammonium heparin is used if plasma biochemical
measurements are to be performed. Tubes containing fluoride

*The authors acknowledge the work of R.J. Rose on this chapter in the previous edition.
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oxalate as an anticoagulant are preferred when either plasma
glucose or lactate values are to be measured, or this cannot
be performed immediately. With the latter anticoagulant,
hemolysis is common, and plasma samples cannot be used
for other measurements. Some laboratories prefer serum to
plasma samples, and plain evacuated tubes are available for
serum collection.

Sample Handling

Although there have been some reports that the use of evacu-
ated blood collection tubes could damage erythrocytes, exten-
sive experience has shown that provided needles no smaller
than 21-gauge diameter are used, the evacuated tubes are
quite satisfactory.

Following blood collection, blood smears for cytologic
examination should be made as soon as possible and prefera-
bly within 6 hours of sample collection. If blood is stored
overnight prior to analysis, there may be a small increase in
the hematocrit (HCT) and mean cell hemoglobin (Hb) associ-
ated with enlargement of the erythrocytes. This increase is
usually limited to no more than 0.01 to 0.02 liter per liter
(L/L; 1% to 2%) in HCT values.

Exposure of the blood samples to high environmental
temperatures, such as may be found if blood samples are
stored in a car exposed to direct sunlight, may result in some
sample hemolysis, causing serum or plasma potassium values
to be falsely elevated. Even without obvious hemolysis,
sample storage can cause increases in serum or plasma potas-
sium, and therefore, elevated potassium values should first be
investigated as a methodologic problem rather than a patho-
logic one.

Sample Processing and Accuracy

The precision of measurements of Hb, HCT, erythrocyte counts,
and leukocyte counts has been found to be 5% in 36 duplicate
measurements. Thus, in the normal ranges for each of these
measurements when sequential sampling is performed, changes
would have to be greater than 0.02 L/L (2%) for HCT, 7.5 gram
per liter (g/L; 0.75 gram per deciliter [g/dL]) for Hb, 0.5 X 10°%L
(500/pL [microliter]) for leukocyte counts, and 0.5 X 10'%/liter
(0.5 X 10%ul) for erythrocyte counts before the changes could
be regarded as clinically significant. In addition to the precision
related to the measuring equipment, daily variation in the RBC
indices in individual horses must be taken into account. Persson
(1975a) reported up to a 30% variation in the resting Hb values
of three Standardbred trotters that had daily blood samples
collected for 7 days. From these findings, it is clear that some
caution is required when interpreting erythrocyte indices,



particularly from a single blood sample. Repeated measurements
may permit greater confidence in the findings.

Plasma and serum biochemical measurements are gener-
ally performed using autoanalyzers, and the accuracy of such
equipment is generally =5%. Measurement of electrolytes is
generally performed using ion-selective electrodes in autoana-
lyzers rather than flame photometry, used previously. Carlson
(1989) has noted that because ion-selective electrodes mea-
sure the electrolyte concentration in the water component of
plasma or serum, values are 6% to 7% higher than those of
electrolytes measured by flame photometry. Flame photome-
try measures electrolyte concentrations in millimoles per liter
(mmol/L) of plasma or serum, where the water content is
93% to 94%.

RESTING HEMOGRAM

RBCs containing Hb play a vital role in the pathway transport-
ing oxygen from the lungs to the muscles and tissues that are
used in performance (Weibel et al., 1991). The correlation
between VO, and Hb concentration was shown experimen-
tally in human athletes using autologous blood transfusions
and blood loss (Ekblom et al., 1972; 1976). The relationship
between an acute increase in blood Hb concentration and
performance has been well studied in humans, with research-
ers showing increases in endurance time, greater speed and
mean power output, and lower blood lactate concentration in
standardized exercise tests (Calbet et al., 2006). Conversely,
although perhaps less well studied, reduced Hb concentration
reduces endurance performance (Calbet et al., 2006).
Similarly in horses, a relationship has been found between
RBC volume, training, and performance. RBC volume increased
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with the horse’s age and training and also was correlated with
racing performance in normally performing horses (Persson
1968; 1983a). An Australian study indicated that Thorough-
bred horses with RBC indices falling by more than 1 standard
deviation (SD) below the mean did not win races at city race
courses (Stewart and Steel, 1975). More recent work has shown
that administering low-dose erythropoietin three times a week
for 3 weeks to horses resulted in significant increases in packed
cell volume (PCV; resting and peak), Hb, and RBC volume, as
well as a resultant increase in VO, (McKeever et al., 2006),
further supporting the relationship between RBC volume and
performance.

As a result, the main focus of the hemogram of a racehorse
is the RBC count, Hb concentration, and PCV or HCT. How-
ever, these data have notoriously failed to detect differences in
fitness or performance at rest because of low reproducibility
and variations associated with other factors, including degree
of excitement, time since last exercise, feeding status, and
transport (Snow, 1983). Of particular importance is the fact
that routinely measured values of PCV or HCT, Hb, and RBC
number may not reflect the true RBC volume. This is princi-
pally attributed to the uneven distribution of RBCs in the
circulatory system, with varying degrees of splenic storage
(Persson, 1983a).

Normal Ranges, Monitoring, and Performance

Although the normal range for an individual horse may be
quite narrow, normal values for a breed fall into a broad range
(Table 5-1). The normal ranges for adult Thoroughbred and
Standardbred horses in training are given in Table 5-2. Most
of the hematologic values for the different breeds are similar.

TABLE 5-1 - ——
Normal Hematologic Values (Mean or Mean = SD) Reported for Adult Horses at Rest
Tooan e— A - _— . 2

Breed and Training State RBC (x 10"/L) HB (g/L) PCV (L/L) WBC (x 107/L)
THOROUGHBREDS
Macleod and Ponder

2- and 3-year olds 10.8 141 - -

More than 3 years old 11.6 154 - -
Irvine

2-year old, not in training - 125 - -

More than 3 years old, not in training 8.1 134 0.43 -

2-year-old, in training 7.4 117 0.39 -

More than 3 years old, in training 6.7 114 0.36 -
Archer and Miller

In training 9.5+ 1.1 147 =9 0.41 = 0.07 84 *22
Brenon

In training 6.8 139 0.43 -
Steel and Whitlock

In training 9.7 £13 134 £ 19 0.42 * 0.05 10.4
Sykes

2-year-old, in training less than 1 month 10.2 136 0.40 -

2-year-old, in training 3 to 6 months 11.0 153 0.46 -

2-year-old, in training more than 1.1 155 0.46 -

6 months

Continued
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TABLE 5-1 - —
Normal Hematologic Values (Mean or Mean * SD) Reported for Adult Horses at Rest—cont'd
T - > - - A g
Breed and Training State RBC (x 10'2/L) HB (g/L) PCV (L/L) WBC (x 10°/L)
3-year-old, in training less than 1 month 10.5 145 0.43 -
3-year-old, in training 3 to 6 months 11.0 157 0.47 -
3-year-old, in training more than 11.0 156 0.46 -
6 months
More than 4 years old, in training less 10.6 148 0.44 -
than 1 month
More than 4 years old, in training 3 to 10.9 151 0.45 -
6 months
More than 4 years old, in training more 10.9 152 0.45 -
than 6 months
Tasker
In training - 145 = 11 0.40 = 0.04 -

Stewart, Clarkson, and Steel

In training 103 £15 157 £ 18 0.40 = 0.05 -
Allen, Archer, and Archer

2-year-old 99+ 1.0 146 = 14 0.40 * 0.04 -

3-year-old 9.7 £ 1.1 151 + 15 0.41 + 0.04 -

4-year-old 93+1.0 150 =17 0.41 = 0.05 -

More than 4 years old 88 1.1 146 = 16 0.40 = 0.05 -
Stewart and Steel

In training 95*13 150 * 20 0.40 = 0.06 -
Schalm et al. 96 1.1 152 = 14 0.44 + 0.04 98 %14

Stewart, Riddle, and Salmon

In training 9.1 £1.0 142 = 14 0.40 = 0.04 84*+12
Allen and Powell

Before training 9.2 +0.8 136 = 10 0.37 = 0.02 9813

After 5 months of training 102+ 1.2 152 =17 0.41 = 0.04 9.6 £ 1.1
Revington

Racing 9.6 0.9 151 =10 0.42 = 0.03 89+ 13
STANDARDBREDS
Steel and Whitlock 87*14 124 =19 0.39 £ 0.04 9.8
Tasker - 149 = 15 0.39 = 0.04 -
Schalmetal. 83 07 1379 0.39 = 0.03 79+1.0
ARABIAN
Schalmetal. 84+12 138 =21 0.39 + 0.05 95+ 23
QUARTERHORSE
Tasker - 139 + 22 0.38 = 0.05 -
Schalm et al. 9.1 %14 138 £ 17 0.40 = 0.05 9.7 13
EQUITATION AND POLO HORSES
Tasker - 13216 0.37 = 0.05 -
ENDURANCE HORSES
Carlson 73 - 0.35 7.7
Carlson et al. - - 0.36 + 0.03 75*1.2
Rose 79+ 05 130 = 11 0.37 = 0.03 88*+19
COLD-BLOODED BREEDS
Schalm et al. 7.5 115 0.35 8.5

From Rose RJ, Allen RJ: Hematologic responses to exercise and training. Vet (lin North Am Equine Pract 1:465, 1985.



TABLE 5-2 -

Published Ranges for Resting Hematological
Variables in Racehorses

- - mY oEeey AR N S e T——
Standardbred Thoroughbred
PCV (HCT) liter/liter (L/L) 32-39 32-43
Maximal PCV 48-65 60-65
Red blood cells (X10'%/L) 6.8-9.8 7.8-9.7
Hb (gram per liter [g/L]) 115-146 124-180
MCV ([fl]) 45-45.5 39.4-47.2
MCH ([pg]) 14.3-16.6 13.8-16.6
MCHC (g/L) 314-372 315-361

Hb, hemoglobin; HCT, hematocrit; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglo-
bin concentration; MCV, maximal cell volume; PCV, packed cell volume.

However, as groups, the RBC indices from Standardbred pac-
ers and Endurance horses are lower than those for Thorough-
bred racehorses. This may, in part, be due to differences in
plasma volumes, since plasma volume expansion may occur
during training in Standardbred and Endurance horses be-
cause of the extensive submaximal training that is included in
their work schedules.

Virtually all mature athletic horses that do not have clini-
cal abnormalities will have hemogram values within the
ranges reported in Table 5-2. Some veterinarians advocate
regular collection of blood samples every 1 to 2 weeks from
horses in training. This may be helpful in the diagnosis of
subclinical abnormalities because individual normal values
will fall within a much narrower range compared with values
for the breed. Thus, an HCT value of 0.34 L/L may be
of clinical significance in a horse that normally has values
between 0.38 and 0.42 L/L, whereas no clinical significance
could be attributed to an isolated blood sample with an HCT
value of 0.34 L/L.

However, it is tempting for clinicians who cannot find any
other abnormalities to falsely ascribe the cause of poor perfor-
mance to minor deviations from breed means. Several studies
in Thoroughbred racehorses have failed to demonstrate any
relationship between HCT values prior to racing and subse-
quent racing performance (Laufenstein-Duffy, 1971; Reving-
ton 1983). Carlson and colleagues (1983) demonstrated that
horses presented with anemia (2 SD below the mean) were
most likely to have intercurrent disease rather than primary
anemia. Therefore, if the RBC indices are low and there is no
history of blood loss, low-grade infectious or inflammatory
disease should be suspected rather than a primary disorder in
RBC production.

Maximal Packed Cell Volume or Hematocrit

Although there is some variation in the resting RBC indices,
samples collected after fast exercise or epinephrine adminis-
tration show little variation on repeated sampling (Persson,
1975a). During exercise, under the influence of catechol-
amines, contraction of the spleen and release of erythrocytes
occur, increasing PCV by as much as 20 L/L to 25 L/L (Snow
et al., 1983a) (see Table 5-2). Because of the wide variations
of normal resting PCV, maximal HCT may be a more reliable
indicator of true RBC volume in horses (Persson, 1983a).
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However, it should be noted that part of this increase is from
fluids shifts, with 15% increase in plasma protein recorded
following racing (Snow et al., 1983a). Further, there may be
up to a 10% individual horse variation in plasma volume
(Persson, 1983a). These variations in plasma volume may
significantly affect maximal HCT and its ability to represent
RBC volume in horses.

FACTORS AFFECTING THE RESTING HEMOGRAM

Hematologic measurements are affected by a variety of factors,
including the time of day, the relationship to feeding, the de-
meanor of the horse, and the relationship to exercise, whereas
plasma or serum biochemical values are less subject to change
as a result of diurnal variations or feeding.

Attitude of the Horse

The horse’s demeanor and degree of excitement can have a
significant effect on the resting hemogram because of the
release of catecholamines causing splenic contraction and
mobilization of erythrocytes. Increases of PCV between 6 L/L
and 13 L/L have been reported in horses before exercise after
simply being walked to the racecourse (Revington, 1983;
Snow et al., 1983a). In one study of Thoroughbred horses,
the animals were classified as either placid, timid (forceful
jugular pulse and elevated heart rate), apprehensive (horse
pulled back during blood collection), or excited (resisted
blood collection and moved about). Although only the ex-
cited horses had increases in the erythrocyte and leukocyte
counts when compared with the placid group (Stewart et al.,
1977), we have noted small increases in RBC indices when
horses show only slight degrees of apprehension. The critical
factor appears to be the time required to collect the blood
sample, since Persson and colleagues (1973) found that eryth-
rocytes were mobilized from the spleen 30 to 60 seconds
after the intravenous injection of epinephrine in a study
using 1°Cr-labeled erythrocytes. Thus, it would seem that
slight temperament changes will have little influence on the
hemogram, provided blood samples are collected within
30 seconds of entering a box stall. However, it is important
to note that in one study of Endurance horses, in which
samples were collected every 2 weeks throughout 12 weeks
of training, a group of five horses that were considered ap-
prehensive during blood collection had HCTs that were 21%
higher than in six quiet horses (Rose and Hodgson, 1982).
Thus, care must be taken when interpreting changes in
erythrocytes and leukocytes, particularly when values are
higher than normal. It also should be anticipated that very
placid horses may have values for RBC indices that are
lower than mean values for the breed.

Effect of Feeding

When hay is fed, there may be substantial increases in HCT
and plasma total protein, probably associated with substantial
salivary fluid production (Kerr and Snow, 1982). HCT and
total protein remain elevated for several hours. In a study in
which a multiple regimen (feeding every 4 hours) was used,
HCT and total protein remained constant, whereas a single
large meal resulted in substantial fluid shifts out of the extra-
cellular space (Clarke et al., 1988). In combination with the
fluid shifts after the single feed, increases were found in
plasma sodium and decreases in plasma potassium for several
hours after feeding. Thus, blood sampling should be avoided
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for at least 3 hours after feeding, particularly when a large feed
is given or when there is access to substantial amounts of hay.

Exercise

The RBC pool is under the direct influence of catechol-
amine concentrations, so exercise has a variable effect on
RBC indices, depending on the speed and duration of the
exercise bout. Horses have large splenic reserves of up to
50% of the RBC volume that is able to greatly influence the
exercising blood volume (Persson and Lyndin, 1973). The
splenic capacity for RBC storage and subsequent release
during exercise is related to the type of horse; draught
horses having much lower relative splenic weights than
Thoroughbred horses (Kline et al., 1991). Splenic capacity
also appears to alter in response to increasing age, since
several studies in trotters have found that postexercise HCT
and total circulating Hb increase progressively from 1 to
3 years of age (Persson, 1967; 1975b; 1983b).

There is a linear increase in HCT with increasing exercise
intensity, up to exercise intensities approaching three-quarter
pace (90% to 100% VOjma) (Rose and Allen, 1985). In adult
athletic horses, maximal HCT is usually in the range 0.60 L/L
to 0.65 L/L, the mean value being 0.61 L/L in Thoroughbred
racehorses. Although most of this increase is related to splenic
erythrocyte release, there are also substantial fluid shifts
out of the plasma during exercise, and therefore, some of the
increase in HCT is from fluid movement (Carlson, 1983).

The increase in oxygen transport capacity associated with
the erythrocyte release during exercise is one of the important
factors in the horse’s high aerobic capacity. However, an upper
point must be reached where the improved oxygen-carrying
capacity is offset by an increase in blood viscosity, probably
accounting for the dramatic reduction in performance in
horses with RBC hypervolemia (Persson, 1968). Studies in
splenectomized horses have shown a considerable reduction
in exercise capacity (Persson and Bergsten, 1975; Persson and
Lyndin, 1973). Because of the reduced cardiac output in sple-
nectomized horses, Persson and Bergsten (1975) proposed
that the spleen acts as a cardiovascular reserve to maintain
ventricular filling at high heart rates.

Effect of Prior Exercise and Diurnal Variation

Exercise obviously has a major impact on RBC indices, with
the mobilization of erythrocytes from the spleen under the
influence of catecholamines. Following exercise, there is a
gradual decrease in circulating erythrocytes over a period of
1 to 2 hours to return to pre-exercise values.

Overtraining

There has been a long association of RBC hypervolemia and
poor performance in Swedish Standardbred trotters, with
higher-than-normal RBC volumes found in horses that per-
formed poorly (Persson, 1968). Horses diagnosed with RBC
hypervolemia had lower earnings and increased race times
in the year of diagnosis compared with their previous per-
formance, although, interestingly, many had been superior
athletes prior to diagnosis (Persson and Osterberg, 1999).
Despite the association between RBC hypervolemia and
overtraining in Swedish Standardbred trotters, this associa-
tion has not been repeated in horses elsewhere. In Standard-
bred horses overtrained in a treadmill study in Australia,
there was actually a significant reduction in measured RBC
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volume and maximal PCV in the overtrained horses com-
pared with the controls (Golland et al., 2003). In these
overtrained horses, the reduction in RBC volume was only
weakly reflected as small but not significant decreases in
PCV, RBC number, and Hb compared with controls (Tyler-
McGowan et al., 1999). In another study of overtraining in
Standardbred horses in New Zealand, there was decrease in
maximal PCV in overtrained horses, but no change in RBC
volume (Hamlin et al., 2002).

Erythrocyte Changes with Intense Exercise

Changes may occur in the erythrocytes themselves, there be-
ing small decreases in mean corpuscular volume and increases
in mean corpuscular Hb and mean corpuscular Hb concentra-
tion. Elevations in serum Hb and bilirubin, associated in-
creases in erythrocyte fragility, and the presence of abnormal
erythrocytes (echinocytes) have all been reported in the post-
race recovery period (Poso et al., 1983). Their presence may
be related to both the release of senescent erythrocytes from
the splenic pool and the high pressures and turbulence associ-
ated with intense exercise (Carlson, 1987). However, evidence
suggests that increased fragility of RBCs is associated with
decreased blood pH and increased temperature with more
intense exercise or exercise stress (Hanzawa et al., 1999).
Despite the presence of abnormal erythrocytes, their role in
performance has not been established.

LEUCOGRAM

The leucogram is also frequently monitored in racehorses,
particular total and differential leucocyte cell count, the latter
referring principally to the neutrophil:lymphocyte ratio.
Although it has not been linked to performance or fitness,
changes in the leucogram may be indicative of subclincial
disease or stress. The detection of these potentially perfor-
mance-limiting problems is clearly of interest to the race-
horse trainer. However, resting leucocyte counts only repre-
sent the circulating pool of leucocytes. Approximately 50% of
the total neutrophils are sequestered in the spleen and capil-
lary beds and are referred to as the marginated or marginal
pool. Marginated neutrophils can be mobilized under certain
conditions, including excitement, exercise, stress, transport,
and exogenous corticosteroid or catecholamine administra-
tion, causing alteration to the leucogram (Carlson, 1987;
Snow, 1983). The normal ranges for the Thoroughbred are
given in Table 5-3.

TABLE 5-3 - .

Values for the Resting Hemogram in Normal Adult
Thoroughbred Horses

- - Y ey e — o ——
Value Range Mean
Leukocytes (X 10°/L) 6.0-11.0 8.5
Neutrophils (X 10°/L) 2.5-6.5 45
Lymphocytes (X 10%/L) 2.0-5.5 35
Monocytes (X 10%/L) 0.2-0.8 0.5
Eosinophils (X 10%/L) 0.1-0.4 0.2
Basophils (X 10%/L) 0-0.3 0.1



FACTORS AFFECTING THE RESTING LEUCOGRAM

Excitement and Intense Exercise (Effect of
Catecholamines)

In man and most other animal species, exercise results in
physiologic leucocytosis associated with a mobilization of
marginated neutrophils to the circulating pool and moderate
to marked neutrophilia (Carlson, 1987; Snow, 1983). In the
horse, the mobilization of leucocytes from excitement and
exercise is masked by the concomitant increase in erythro-
cytes and blood volume as a result of splenic contraction.
Immediately following intense exercise or as a result of pre-
race excitement, there may be no change in total leucocyte
count or only a moderate leucocytosis (Revington, 1983;
Snow, 1983; Snow et al., 1983a). However, both prerace ex-
citement and intense exercise (racing or training gallops) have
been shown to result in a reduced neutrophil:lymphocyte
ratio as relatively more lymphocytes than neutrophils are
released into the circulation from the spleen. This altered ratio
takes up to 6 hours to return to baseline values (Revington,
1983; Snow et al., 1983a). Allen and Powell (1983) reported
that in Thoroughbreds after morning exercise, blood samples
collected at 4:00 p.M. had higher leukocyte numbers as well as
a higher proportion of neutrophils than samples collected in
the morning prior to exercise.

Stress and Moderate Intensity Exercise (Effect of
Corticosteroids)

Lower-intensity exercise produces a different change in leuco-
gram with a marked leucocytosis due to neutrophilia, lympho-
penia, and eosinopenia (Rose and Allen, 1985). The total leuko-
cyte count increases by 10% to 30%, depending on the intensity
and duration of exercise, but the extent of the increase is not as

Snow et al, 1983
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dramatic as for the erythrocyte indices. This is a result of the
effects of cortisol associated with exercise, which is correlated
with increases in the neutrophil:lymphocyte ratio (Wong et al.,
1992). Elevated plasma cortisol concentration results in de-
creased marginated neutrophils, an increased neutrophil output
from bone marrow, and decreased lymphocytes and eosinophils
(Snow, 1983). Although the degree of leucocytosis may not vary,
there is greater neutrophilia and lymphopenia with increased
stress, for example, increased speed or signs of exhaustion that
may last for more than 24 hours in prolonged endurance exer-
cise (Rose, 1982). Under conditions of severe stress, such as is
found in exhausted Endurance horses, there is not only a greater
degree of neutrophilia but also the appearance of band-form
neutrophils (Rose, 1982) (see Figure 5-1).

The effects of moderate exercise in a typical racehorse pro-
gram have been shown to have similar effects, albeit of shorter
duration. Trotting exercise for 15 minutes on an inclined
treadmill was associated with an increase in total leucocyte
count and neutrophils with a decrease in lymphocytes. How-
ever, values had returned to normal by 1 hour after exercise
(Rose et al., 1983a).

Overtraining
Some veterinarians at the racetrack regard an increase in
neutrophil:lymphocyte ratio as an indicator of overtraining or
“training off.” Although such changes often appear to provide
an indication of “stress,” reflecting increased plasma cortisol
(Rossdale et al., 1982), care must be taken in interpreting
these changes because a number of factors such as exercise
and time of collection can affect the results.

Eosinopenia has been reported in overtrained horses
without systemic illness but not in a control group (Tyler-
McGowan et al., 1999). This suggests that eosinophils may be

Rose, 1982 Carlson, 1976

“Fast” 3 Exhausted

“Slow” 2

a b ¢ d a b ¢ d A B
Mean speed 1 660-750 m/min
2 233 m/min
3 143 m/min

FIGURE 5-1 Changes in leukocyte count after exercise. 1, Data from Snow and colleagues (1983) in
Thoroughbreds: A = before exercise; B = immediately after exercise; e = 3 hours after exercise. 2, Data
from Rose (1982) in Endurance horses: a = before ride; b = immediately after the ride; ¢ = 30 minutes
after ride, d = 24 hours after the ride. 3, Data from Carlson and colleagues (1976) in Endurance horses

A = rest; B = exhausted horses, after the ride.
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a more sensitive indicator of training stress than neutrophils
or lymphocytes. In the above study on overtraining, there
was a small, gradual increase in the neutrophil:lymphocyte
ratio during the 32-week training period for both overtrained
and control horses (Tyler-McGowan et al., 1999). However,
this was possibly associated with prolonged activity of the
cortisol response to exercise as shown by Rose (1982), as
horses in this study were trained intensively 6 days a week.

Subclinical Disease

Decreases in neutrophil counts may be an indication of sys-
temic or respiratory disease. More prolonged or purulent in-
flammatory conditions may result in the opposite effect with
neutrophilic leucocytosis (Carlson, 1987). In studies in Hong
Kong, horses with equine herpesvirus type 1 infections had
monocyte counts higher than 0.5 X 10%L, together with
higher neutrophil and lower lymphocyte counts than normal,
during the first 1 to 2 days (Mason et al., 1989; 1990). Within
the first 4 to 5 days, the neutrophil count decreased and the
lymphocytes increased, whereas the monocytes continued to
remain elevated. The other notable finding was an increase in
plasma viscosity, which, together with changes in monocyte
numbers, persisted for several months in some horses follow-
ing infection with equine herpesvirus.

NORMAL RESTING SERUM OR PLASMA BIOCHEMISTRY

The role of serum biochemistry in assessment of the athletic
horse is principally to investigate for subclinical disease that
can cause poor performance. Traditionally, this has included
markers of fluid and electrolyte balance and renal function,
including urea, creatinine, electrolytes, and fractional excre-
tion of electrolytes; protein analysis, including total protein,
globulins, and acute phase proteins as markers of inflamma-
tion (serum amyloid A and fibrinogen); and muscle and liver
enzyme analysis.

A number of measurements are included in the usual bio-
chemical “profile” to determine whether some of the key body
systems are dysfunctioning. In this section, we will discuss the
most common measurements and the significance of abnor-
malities for athletic performance. The normal ranges for plasma
or serum biochemical indices are given in Table 5-4.

Electrolytes

Abnormal electrolyte levels in the plasma will adversely affect
athletic performance, and there have been some reports that
even small deviations from a narrow concentration of serum
electrolytes are associated with poor racing performance
(Williamson, 1975). However, most electrolyte disturbances are
associated with clinical diseases such as diarrhea, renal disease,
and electrolyte losses in sweat. Harris and Snow (1991) showed
that some horses with recurrent rhabdomyolysis had abnormal
creatinine clearance ratios for various electrolytes, although
plasma concentrations were within the normal ranges. Thus
measurement of clearance ratios for the different electrolytes
should be considered in cases of recurrent “tying up.”

Sodium

Concentrations are maintained within narrow limits in the
plasma, and abnormalities tend to reflect relative water excess
(decreased plasma sodium) or relative water deficit (increased
plasma sodium) rather than net changes in sodium balance.
Sodium values in plasma are affected by the total exchangeable
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TABLE 5-4

Normal Ranges for Plasma Biochemical Measurements
in Mature Performance Horses

- - OmY e S e T——
Normal Range Normal Range
Measurement (Sl units) (traditional units)
Sodium 134-144 mmol/L 133-144 mEq/L
Potassium 3.2-4.2 mmol/L 3.2-4.2 mEq/L
Chloride 94-104 mmol/L 94-104 mEq/L
Total CO, 26-34 mmol/L 26-34 mEq/L
Total Protein 55-75g/L 5.5-7.5 g/dL
Albumin 26-38 g/L 2.6-3.8 g/dL
Globulins 20-359/L 2.0-3.5 g/dL
Fibrinogen <4g/L <400 mg/dL
AST (Units/L) 150-400 150-400
CK (Units/L) 100-300 100-300
LDH (Units/L) <250 <250
Glucose 4-8 mmol/L 70-140 mg/dL
GGT (Units/L) 10-40 10-40
AP (Units/L) 70-210 70-210
Urea 4-8 mmol/L 24-48 mg/dL
Creatinine 100-160 pmol/L 1.1-1.8 mg/dL
Calcium 2.7-3.3 mmol/L 10.8-13.2 mg/dL
Phosphate 0.75-1.25 mmol/L 2.3-3.9 mg/dL
Serum Amyloid A <29 mg/L <2.9 pg/mL

AP, alkaline phosphatase; AST, Aspartate amino transferase; (K, Creatine kinase; (0, carbon dioxide;
GGT, Gamma -glutamyl transferase; LDH, Lactate dehydrogenase.

sodium and potassium concentrations as well as the total-body
water (Edelman et al., 1958). Under conditions of marginal
sodium intake, horses show excellent renal sodium conserva-
tion (Tasker, 1967a). However, a study in exercised ponies
demonstrated that decreased sweat production and a greater
decrease in plasma volume occurred when there was dietary
sodium restriction (5 milligram per kilogram [mg/kg]) com-
pared with diets in which sodium was available at 25 mg/kg of
body weight (Lindner et al., 1983). Therefore, it is important
to ensure that adequate sodium is available in the diets of most
athletic horses, and salt licks or electrolyte supplements would
seem to be important.

Potassium

Potassium is a critical electrolyte because it is involved in a
range of body functions, in particular neuromuscular activity.
As a grass eater, the horse has evolved ingesting large amounts
of potassium, about two thirds of which is excreted in urine
(Tasker, 1967a). Therefore, when a horse is in full training on
a high-grain diet, it is possible for potassium deficiencies to
develop. Less than 2% of the total-body potassium is con-
tained in the extracellular fluid, and therefore, serum or
plasma potassium values may not reflect changes in total-
body potassium. For example, in a study by Tasker (1967b),
food and water restriction resulted in a total-body potassium
loss of 4500 mmol (16% of total exchangeable potassium),
but serum potassium decreased to only 3.5 mmol/L. However,



in general, plasma or serum potassium values less than
3 mmol/L indicate decreases in whole-body potassium con-
tent. Hyperkalemia is an unusual disorder in athletic horses,
and if values greater than 4.5 mmol/L are found, hemolysis or
incorrect sample handling should be suspected first before a
pathologic disorder is diagnosed. However, in a Quarterhorse,
the syndrome of periodic hyperkalemic paralysis, which is a
familial disorder now relatively common in the United States,
should be at the top of the list of differential diagnoses.

It is important to note that substantial variation can occur
in plasma potassium values during the course of a day, par-
ticularly in horses that may be fed only twice daily. A study by
Clarke and colleagues (1988) showed that 1 hour after a large
meal (4 kg), the mean serum potassium values decreased from
3.5 to 2.9 mmol/L, returned to prefeeding values by 4 hours,
but at 5 and 7 hours after feeding increased to values of 4.0
and 4.2 mmol/L, respectively. From these results, it is clear
that to interpret plasma or serum potassium values correctly,
it is important to collect the blood samples at the same time
of the day and under the same feeding conditions.

Plasma or serum potassium values may decrease substan-
tially below normal resting values 1 to 2 hours after exercise,
and following endurance exercise, they may decrease to values
below 3 mmol/L (Rose et al., 1983b).

Chloride

Chloride is the major anion of the extracellular fluid (ECF) and
in sweat. Most of the chloride ingested each day, which may
reach 3000 mmol on alfalfa diets (Groenendyk et al., 1988), is
excreted in urine. Primary alterations in athletic horses result
from losses of chloride in sweat, particularly in horses involved
in prolonged exercise. Thus, hypochloremia found in a resting
blood sample would most likely be from sweat electrolyte losses.
Hyperchloremia is seldom found but is most common in situa-
tions that produce metabolic acidosis because plasma concen-
trations of bicarbonate and chloride are inversely related. Large
increases in plasma chloride (>110 mmol/L) are most common
in cases of renal tubular acidosis (Aleman et al., 2001).

Most laboratories that use autoanalyzers measure bicarbo-
nate as total carbon dioxide (TCO,), which, on average, is about
5% higher than actual bicarbonate values because TCO, in-
cludes dissolved carbon dioxide (CO,). In general, low TCO,
values indicate metabolic acidosis, and high values signify
metabolic alkalosis. Acid-base disturbances are extremely rare
in resting samples from athletic horses. Low TCO, values are
occasionally found if blood samples are collected within
90 minutes of high-intensity exercise because of elevated lac-
tate concentrations. High TCO, values are mostly found as a
result of excessive feeding of sodium bicarbonate or because of
administration of bicarbonate as a “milkshake” to horses prior
to racing (Rose and Lloyd, 1992). Metabolic alkalosis can some-
times be found in Endurance horses following extensive sweat
losses in response to the depletion of extracellular chloride.

Calcium and Phosphate

Calcium and phosphate are maintained within a very narrow
range, and normal plasma or serum concentrations tend to
be maintained, even in the face of severe dietary calcium—
phosphorus imbalances. Calcium is also lost in sweat, al-
though the extent of the losses is much less than the other
major electrolytes. Changes in these electrolytes are found
mostly in cases of intestinal or renal disease.
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Muscle-Derived Enzymes

The most common enzymes that are used to indicate muscle
damage are aspartate amino transferase (AST) and creatine
kinase (CK). In addition, lactate dehydrogenase (LDH), which
is a commonly available enzyme measurement on autoanalyz-
ers, also increases following muscle damage, although it is less
specific than AST or CK. Changes in CK are more rapid than
those in AST, where the long half life in plasma may lead to
values being increased for several weeks after a single bout of
muscle damage. In contrast, CK values may decrease quickly
over a period of 6 to 48 hours (Cardinet et al., 1967). Although
it has been generally assumed that increases in CK and AST
indicate muscle damage because elevations in these enzymes
are found in horses with rhabdomyolysis, some studies have
suggested that the increases may be related to the exercise load.

Serum or plasma muscle enzyme activities have been shown
to increase following racing in galloping and trotting races (Poso
et al., 1983; Snow et al., 1983b). Despite the increases, values
still remained within normal limits, and generally, there is only
a 50% increase in plasma enzyme activity, partly due to a 10% to
20% decrease in plasma volume (Snow and Harris, 1988). Con-
sistent changes in muscle enzyme activity with training have not
been observed. Some elevations during monitoring of horses
over prolonged periods of training have been observed but,
when examined closely, were found to represent individuals
with muscle damage or periods of increased training intensity
(Robertson et al., 1996; Snow and Harris, 1988).

Muscle enzyme increases following submaximal exercise
have not been observed. Trotting exercise for 15 minutes on
an inclined treadmill was not associated with increased mus-
cle enzymes CK or AST during or up to 1 hour after exercise
or associated with 7 weeks of training (Rose et al., 1983a).
Similarly, Standardbred training protocols on a track, includ-
ing jogging and fast work, did not result in increased CK or
AST immediately following exercise or following a period of
9 weeks training (Milne et al., 1976). Part of the lack of re-
sponse to exercise in submaximal studies may have been the
amount of exercise performed, as moderate increases in CK
and AST have been observed following endurance exercise
(Grosskopf et al., 1983; Kerr and Snow, 1983a). Interestingly,
and possibly more importantly, the individual horses identified
in each of the studies had very high increases associated with
suspected pathologic muscle damage (see below).

Overtraining and Subclinical Muscle Damage

Opvertraining has been shown to result in significant increases
in mean AST activity in overtrained horses compared with
controls (Tyler-McGowan et al., 1999). Overtraining in hu-
mans has also been associated with muscle overload, eccentric
muscle damage, and delayed onset muscle soreness (Fry et al.,
1991). However, similar effects are also seen with intense
training without overtraining indicating that the effects of
overtraining and subclinical muscle damage are hard to sepa-
rate. In the overtraining study in horses, it appears that some
of the increase in muscle enzymes was also associated with
muscle damage with three cases of clinically evident gluteal
muscle injury and four cases of subclinical muscle damage in
overtrained horse during the latter part of their training pro-
gram, whereas none were observed in the controls (Tyler-
McGowan et al., 1999). This study was treadmill based, with
horses exercising daily on a 10% inclined treadmill; some of
the damage could be associated with exercising on a slope, as
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this effect was not seen in another study of overtraining in
horses trained on a track (Hamlin et al., 2002). However, de-
creased coordination and fatigue associated with overtraining
(Fry et al.,, 1991) may have played a part in the susceptibility
to injury in this group, since the injury or increases in CK and
AST were not seen in the control horses exercising in the same
inclined treadmill environment.

Muscle Disease Recurrent Rhabdomyolysis and Delayed
Onset Muscle Soreness

Subclinical or clinical muscle disease may also occur in race-
horses during training from recurrent exertional rhabdomy-
olysis (RER), whereas in Quarterhorses and other breeds,
such disease may be caused by polysaccharide storage myopa-
thy (see also Chapter 12). Most of the affected horses show
clinical signs of recurrent thabdomyolysis episodes, although
clinical signs can be mild or subclinical and difficult to detect
without muscle enzyme activity analysis. It is a common
cause of poor performance and lost training days, affecting up
to 6% to 7% of racing Thoroughbreds, with 2-year-old fillies
most likely to be affected (MacLeay et al., 1999; McGowan
et al., 2002; Snow and Harris, 1988; Upjohn et al., 2005).

Elevations in muscle enzyme activity may also occur as a
result of other causes of muscle damage, including viral
myositis associated with viral respiratory disease, and mus-
cle injury (Snow and Harris, 1988). Less reported in horses,
and probably underdiagnosed is delayed onset muscle sore-
ness (DOMS). This is highly prevalent in human athletes
(and nonathletes) following intense or unaccustomed exer-
cise (Kuipers, 1994; Maclntyre et al., 1995). There have
been reported unexplained elevations of muscle enzymes of
horses starting to be trained for the first time that was hy-
pothesized to be due to DOMS (Kirby and McGowan, 2004);
and on closer scrutiny of some of the long-term training
studies, there may be evidence of DOMS occurring with
seasonal increases in muscle enzymes associated with the
beginning of training or racing season (Mullen et al., 1979;
Snow and Harris, 1988).

Although genetic markers of some forms of muscle disease
are available, accurate diagnosis of the cause of subclinical
elevations of muscle enzymes may still be difficult in many
cases. However, horses with elevated muscle enzymes are un-
likely to perform optimally, and screening for elevations fol-
lowing exercise will be valuable in the detection of poor per-
formance (Snow and Harris, 1988).

Liver Enzymes

The most commonly measured indicator of liver dysfunction
is gamma-glutamyl transferase (GGT), although both alka-
line phosphatase (AP) and sorbitol dehydrogenase (SDH)
are also useful measurements when liver disease is sus-
pected. In the acute stages of hepatocellular dysfunction as
well as in biliary tract obstruction, liver enzymes will be-
come elevated, AP showing the greatest elevation when there
is biliary obstruction. Liver disease is uncommon in athletic
horses but can be a cause of weight loss and poor perfor-
mance in areas where horses have access to plants with high
concentrations of pyrrolizidine alkaloids. Unlike muscle
enzymes, few effects of intense or submaximal exercise are
seen on liver enzymes. However, bilirubin has been reported
to increases postrace in horses, possibly associated with RBC
breakdown as mentioned above (Hanzawa et al., 1999; Poso
et al., 1983).
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Protein Measurements

Measurement of total protein, albumin, globulins, serum amy-
loid A, and fibrinogen provide an index of hydration status, as
well as indices of infection, inflammation, increased protein
loss, or decreased protein production. Hyperproteinemia usu-
ally is the result of dehydration in athletic horses, but because
of the large normal range (see Table 5-4), it may be difficult to
detect protein increases in horses that have normal protein
values in the range 55 to 60 g/L. During submaximal and
maximal exercise, there is an increase in total plasma protein
and plasma albumin concentration as a result of intercompart-
mental fluid shifts, with greater increases associated with
maximal exercise (Hargreaves et al., 1999; Judson et al,
1983). Although these increases in plasma protein associated
with short duration exercise generally return to baseline by
30 minutes after exercise, with more prolonged endurance
exercise or with excessive sweating, these fluids shifts may be
more substantial and prolonged. Therefore, evaluation of total
serum protein and serum albumin is important in determin-
ing hydration status in horses and may be particularly impor-
tant during the recovery period after intense exercise or in hot
conditions.

It is important to remember that a high plasma protein
concentration also may be caused by elevations in globulins
or fibrinogen. Hypoproteinemia is uncommon in athletic
horses, and if it occurs, horses should be investigated by seek-
ing possible sites of protein loss (gastrointestinal tract, kid-
ney), which is a much more common cause of hypoprotein-
emia than decreased protein production.

Acute-phase proteins are more important as markers of
inflammation and can be used to support evidence in the leu-
cogram of subclinical or clinical disease that may affect per-
formance. Fibrinogen is a sensitive index of inflammatory foci
within the body and is a useful screening measurement in any
athletic horse with poor performance to ensure that a low-
grade infection is not the cause of the problem. Serum amy-
loid A is considered a more sensitive acute-phase protein and
may be a more sensitive marker of subclinical inflammation or
even repetitive microtrauma that may play a role in overtrain-
ing syndromes. Small, but significant increases have been de-
tected post intense exercise in horses (Ducharme et al., 2009).

Measurements of Renal Function

Creatinine and urea are indices of renal function, but both mea-
surements can be increased in response to prerenal factors,
particularly dehydration and exercise. Alterations in resting
levels of creatinine and urea are unusual in athletic horses, and
some changes occur with training, there being modest increases
in plasma or serum urea concentrations (1 to 2 mmol/L), prob-
ably as a result of increases in dietary protein.

CHANGES IN PLASMA OR SERUM BIOCHEMICAL
VALUES ASSOCIATED WITH EXERCISE

ELECTROLYTES AND ACID-BASE STATUS

Maximal Exercise

With brief periods of high-intensity exercise, there are tran-
sient changes in plasma electrolyte concentrations, some of
which may be quite marked. Following racing over distances
varying from 1200 to 2400 meters (m), similar changes occur
in electrolyte and acid-base status. Sodium increases largely as
aresult of fluid movement out of the extracellular space. Potas-
sium increases dramatically at high exercise loads, reaching




values greater than 10 mmol/L (Harris and Snow, 1988; 1992).
This increase in potassium has been thought to be mainly from
an accumulation of hydrogen ions in active muscle, resulting
in a decrease in the reuptake by the fibers and an impairment
of the sodium—potassium—adenosine triphosphatase (Na*- K*
-ATPase) pump. However, the increased plasma potassium is
transient, and most studies where samples have been collected
several minutes after maximal exercise have shown potassium
values within the normal resting range (Judson et al., 1983;
Keenan, 1979; Snow et al., 1983b). Nonetheless, it has been
proposed that the decreased muscle membrane potential re-
sulting from the decreased intracellular potassium concentra-
tion, together with the increased extracellular concentration,
may be a contributing factor to fatigue during high-intensity
exercise (Sahlin and Broberg, 1989).

A consistent finding in most of the studies of high-intensity
exercise is that despite the increase in total protein and plasma
sodium, reflecting fluid movement out of the extracellular
fluid, no change occurs in chloride values (Judson et al., 1983;
Keenan, 1979; Snow et al., 1983b). This may be caused by
large increases in lactate, another strong anion, with exchange
of chloride across muscle cell membranes.

Bicarbonate or total carbon dioxide concentrations de-
crease following racing to the range 5 to 10 mmol/L. This
decrease in bicarbonate is coincident with a large increase in
hydrogen ion concentration, the venous blood pH decreasing
to values less than 7.0 (Snow et al., 1983b). However, lactate
metabolism after exercise results in a rapid increase in pH and
bicarbonate, with values returning to within the normal range
by 90 minutes after exercise.

Prolonged Low-Intensity Exercise

Endurance exercise results in substantial sweat losses of elec-
trolytes because horse sweat is hypertonic relative to plasma
(Carlson and Ocen, 1979; Kerr and Snow, 1983b). During the
course of an endurance ride in hot conditions, it is likely that
horses may lose between 5% and 10% of their body weight
(Rose, 1986). The sweat electrolyte losses result in variable
changes in plasma or serum electrolyte concentrations be-
cause of the associated alterations in total body water. Plasma
or serum electrolyte changes are known to be influenced by
alterations in exchangeable sodium and potassium as well as
total-body water. Plasma sodium has been reported to be un-
changed, decreased, or increased, depending on the conditions
and duration of the endurance ride (Carlson and Mansmann,
1974; Lucke and Hall, 1978; 1980a; 1980b; Rose et al., 1977,
Snow et al., 1982). In one study, despite an estimated 5900-
mmol loss of sodium, chiefly in sweat, plasma sodium con-
centrations increased from 140 to 148 mmol/L (Snow et al.,
1982). Moderate decreases in plasma or serum potassium
have been reported following endurance exercise, although
small increases also have been found (Carlson and Mansmann,
1974; Deldar et al., 1982; Lucke and Hall 1978; 1980a, 1980b;
Rose et al., 1977; Snow et al., 1982). Despite the modest
changes in plasma or serum potassium values, decreases in
whole-body potassium content are likely to occur when there
are substantial sweat losses, although the falls are probably
only 25% to 50% of the decline in total exchangeable sodium.
Chloride losses during endurance exercise may be substantial
because it is the principal anion lost in the sweat. During en-
durance exercise, most investigators have reported a decrease
in plasma or serum chloride values, which, in some cases, may
result in decreases of 10 to 15 mmol/L (Rose et al., 1980a).
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Because of the substantial chloride losses, there may be renal
retention of bicarbonate, giving rise to metabolic alkalosis
(Rose et al., 1979). The maximal increase in bicarbonate con-
centration usually is in the range 3 to 5 mmol/L. In other
cases, no change in acid-base status or a slight metabolic
acidosis occurs, resulting from small increases in plasma lac-
tate (Lucke and Hall, 1978). These studies led to the conclu-
sion that administration of bicarbonate, either as a treatment
or as a feed supplement, was contraindicated in endurance
horses.

Speed and Endurance Phase (Day 2) of a 3-Day Event

Although considerably shortened since 2004 (see Chapter 23),
during the speed and endurance phases of long format 3-day
events, horses exercised over distances of around 23 to 25 km
at speeds varying from 200 to 700 m/min. The electrolyte
alterations found were similar to those during endurance exer-
cise, there being variable sweat losses of fluid and electrolytes
(Rose et al. 1980b). Acid-base changes reflect the different
intensities of exercise during a 3-day event, there being a slight
metabolic alkalosis after the second roads-and-track phases
(Rose et al. 1980c). At the conclusion of the cross-country,
horses had a mean base deficit of 8.5 mmol/liter due to lactic
acidosis (Rose et al. 1980c¢).

RENAL RESPONSES TO EXERCISE

Increases in both urea and creatinine are found in response to
high- and low-intensity exercise (Judson et al., 1983; Lucke
and Hall, 1980c; Rose et al., 1977; 1983a; 1983b). These tra-
ditional indices of renal function are also affected by prerenal
factors such as hemoconcentration. Additionally, creatinine
increases during exercise as a result of increased phosphocre-
atine turnover, and therefore, increases in plasma or serum
creatinine cannot be used as an indication of reduced glo-
merular filtration rate. After maximal exercise, creatinine
concentrations remain elevated for 60 minutes, even though
plasma total protein concentrations return to normal (Judson
et al.,, 1983). For more information on renal responses to
exercise, see Chapter 6.

BLOOD LACTATE AND GLUCOSE CHANGES WITH
EXERCISE

Lactate increases in plasma or blood because of diffusion, ac-
tive transport from active skeletal muscle, or both. Lactate is
usually measured in plasma, and concentrations are about
40% to 50% higher than those in blood, although the relation-
ship is quite variable. During all types of exercise, lactate is
produced in working muscle, but high lactate concentrations
do not occur until higher exercise intensities are reached. In-
creases in lactate occur in muscle when there is insufficient
oxygen available to oxidize pyruvate in the mitochondria. To
free nicotinamide-adenine-dinucleotide (NADH,) of its hy-
drogen, pyruvate can accept the H;, to form lactate. Lactate
increases also occur when there is stimulation of glycogenoly-
sis, with the result that an increase in pyruvate causes a rise in
lactate because of a mass-action effect (Gollnick and Saltin,
1982). Thus, plasma lactate increases do not necessarily sig-
nify a lack of oxygen availability.

With maximal exercise, such as Thoroughbred racing,
there is substantial lactate production. Over distances of 1200
to 2400 m, there is little difference in plasma lactate concen-
trations after racing, values ranging from 25 to 30 mmol/L
(Snow et al., 1983b). Values after trotting races are usually a
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little lower (Krzywanek, 1975). In contrast, endurance riding
results in little increase in plasma lactate concentrations, val-
ues usually being less than 2 mmol/L (Grosskopf et al., 1983;
Lucke and Hall, 1978; 1980a; 1980b). After the cross-country
phase of a long format 3-day event, blood lactate values of 8
mmol/L were found (Rose et al., 1980c). However, the lactate
concentrations after the second roads-and-track phase were
only 2 mmol/L, indicating that aerobic metabolism was pre-
dominant for most of the exercise on day 2 of long format
3-day events.

Plasma glucose generally increases with all forms of exer-
cise because of stimulation of hepatic glycogenolysis. How-
ever, with prolonged exercise, glucose concentrations will
decrease as a result of liver glycogen depletion (Rose et al.,
1977). After short-term exercise, the degree of increase in
plasma glucose concentrations is related to the intensity of
exercise, with peak values in the range of 10 to 12 mmol/L
(180 to 206 mg/dL) found after racing (Judson et al., 1983;
Snow et al., 1983b). The extent of the increase in plasma glu-
cose concentration is probably related to the degree of sympa-
thetic activity, which is related to the intensity of exercise.

HEMATOLOGIC AND BIOCHEMICAL CHANGES
ASSOCIATED WITH TRAINING

HEMATOLOGIC CHANGES WITH TRAINING

Racehorse Training

Training results in an increase in the total erythrocyte pool. It
has been shown in longitudinal studies in Standardbred
horses that training produces an increase in red cell volume
(Persson, 1968) and the routine hemogram (Tyler-McGowan
et al., 1999). Persson (1975a) estimated that the total hemo-
globin, measured using Evans blue dye dilution, increases by
30% in 2-year-old trotters during the training period prior to
their first race. Although some of this increase may be an age
effect, it is clear that training produces an increase in the total-
body capacity for oxygen carriage. The increase in total hemo-
globin is not necessarily reflected in increases in resting RBC
indices.

In Thoroughbreds, training has been reported to result in
increases in the resting HCT, Hb, and RBC count (Allen and
Powell, 1983; Stewart et al., 1970). However, this effect is
more likely to be seen in horses that have had a significant
period of detraining or rest prior to starting exercise. In the
study by Tyler-McGowan et al. (1999), the increases in RBC
volume were apparent from week 1 to week 7, but there were
no further increases throughout 32 weeks of training. Simi-
larly, Clarkson (1968) found that differences in the training
response of the hemogram were related to the HCT values
prior to the beginning of training. Horses with initial HCT
values less than 0.40 L/L had significant increases in RBC
variables following training, whereas those with HCT values
less than 0.40 L/L prior to training had mean resting HCT
increases from 0.36 to 0.43 L/L. Mainly, the increases in RBC
indices are modest, there being a mean increase in HCT of
between 0.04 and 0.06 L/L in most studies. This increase is
similar to the daily variation that can be found on repeated
sampling, and therefore, the physiologic significance of the
finding is questionable. The temperament of the horse may
be one factor responsible for the increase in RBC variables
because horses often become more excitable as training pro-
gresses. Thus, while small increases in resting Hb, HCT, and
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erythrocyte numbers may occur during training, such
changes are too small to be used reliably as an index of
increasing fitness.

There are few changes in the leukocytes during racehorse
training. The total and differential leukocyte counts are
similar before and after training in Thoroughbreds (Allen
and Powell, 1983). In a study in which neutrophil and lym-
phocyte counts were performed before and 4 hours after a
standardized exercise test, there was no change as a result of
training.

Endurance Training

Endurance horses have lower resting RBC indices than Thor-
oughbred racehorses. There may be a reduction in HCT with
training in endurance horses because of an expansion of
plasma volume. McKeever and colleagues (1987) reported an
expansion of plasma volume by about 25% after as little as
1 week of training. However, a study by Rose and Hodgson
(1982) reported no significant changes in hematology during
12 weeks of endurance training. Neither RBC indices nor the
total or differential leukocyte count changed when samples
were collected every 2 weeks. Undoubtedly, changes in plasma
volume do occur, but these must be masked by similar
changes in RBC mass.

Similarly to racehorse training, the total leukocyte count is
unchanged with training, and there is no alteration in the
proportions of neutrophils, lymphocytes, and monocytes. It is
clear that alterations in the proportions of leukocytes indicate
little about the stage of fitness.

CHANGES IN PLASMA OR SERUM BIOCHEMICAL VALUES
ASSOCIATED WITH TRAINING

There are few changes in resting biochemical values as a result
of training. Although some studies have found statistically
significant changes in some plasma biochemical measure-
ments, most of these changes are small and of little biologic
significance (Milne et al., 1976).

Training has a significant effect on indicators of liver func-
tion. In a prospective long-term treadmill training study, serum
GGT and total bilirubin both showed an increase with training,
whereas alkaline phosphatase (ALP) decreased with training
(Tyler-McGowan et al., 1999). Earlier field based studies had
also reported increases in total bilirubin and GGT following a
period of prolonged training. Allen and Powell (1983) showed
increased total bilirubin following a 20-week training period in
Thoroughbreds and surmised that this was from reduced ca-
loric intake rather than erythrocyte destruction, as there was no
concurrent increase in serum haptoglobin concentration.

Snow and colleagues (1987) found increased serum GGT
associated with training. These results and those of a later
study (Snow and Harris, 1988) in Thoroughbreds show a lin-
ear increase in serum GGT activity with training. Similar find-
ings have been reported in Standardbred horses undergoing
prolonged training and overtraining, where prolonged train-
ing also resulted in a linear increase in GGT, with this increase
being greater in overtrained horses (Tyler-McGowan et al.,
1999). In Standardbred horses trained intensely on a tread-
mill, GGT increased from a mean value of 14 units per liter
(U/L) prior to training (after 4 months detraining) to a mean
of 51 U/L in the control horses (see Figure 5-2), and 70 U/L
in overtrained horses after 32 weeks of training. Similar-
magnitude increases have also been observed in the studies on
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FIGURE 5-2 Changes in gamma-glutamyl transferase (GGT) with
training in 13 young Standardbred racehorses undergoing a 22-week
treadmill training program from the detrained state. Values are at
week 0 (prior to training), week 7 (after 7 weeks of endurance exer-
cise), and weeks 15 and 22 during high intensity training.

Thoroughbreds, although there was a significant effect of
training yard (Snow and Harris, 1988).

It appears that basal serum GGT may be one of the few
indicators of training in racehorses. Further, detection of very
high values may be of importance in the detection of poor
performance. In one yard, very high values of GGT were as-
sociated with poor performance, with some horses with poor
performance having very high values of 100 U/L or more
(Snow et al., 1987). Whether these high values are associated
with overtraining or subclinical liver disease or other illness
would warrant investigation. However, it is of interest that
the horses in the stable with high GGT values under investi-
gation showed a markedly reduced incidence of increased
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CONCLUSION

Hematology and plasma or serum biochemical measure-
ments are of vital importance in the assessment of the ath-
letic horse. Blood sampling is simple and relatively inexpen-
sive while providing information about the function of a
number of body systems. However, because the physiologic
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exercise would help in determining the significance of rest-
ing RBC indices.

Simple guides to the state of fitness and performance
capacity cannot be achieved by the use of blood and plasma
or serum measurements. However, routine monitoring of he-
matology and biochemistry during training may provide a
mechanism for determining minor disturbances in an indi-
vidual horse, where the normal range is much narrower than
for the general population of horses.
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Food of any specific nature provides the energy needed by
any specific species to perform work. This work may be
expressed as whole body movement, as the function(s) of indi-
vidual physiologic systems within the body, or as processes
inside a single cell. Regardless of the physiologic “level” at
which work is performed, the major byproduct of the transduc-
tion of potential energy (food) into kinetic energy (work) is heat
(see Chapter 8). Moreover, whether it is intracellular or total
body work, the more work that is accomplished in a given
period, the more heat is produced (Rowell, 1983; Rowell, 1993).
Normal cellular function requires that temperature be
maintained within relatively narrow limits. Temperatures be-
low or above the normal physiologic range can dramatically
affect a cell’s ability to function and can even lead to cell
death. Therefore, every species has its own active and efficient
method to maintain core body temperature, the primary
concern being the removal of heat produced during work.
The survival of the horse is dependent on its ability to
eliminate body heat primarily through the evaporation of
sweat (Carlson, 1983; Carlson, 1987; Schott and Hinchcliff,
1993; see Chapter 8). Core temperature in the horse can rise
significantly in a matter of minutes. The mere digestion proc-
ess can raise core temperature in the horse. In the exercising
horse, core temperature can exceed 42°C in a matter of min-
utes. Intracellular heat generated in the horse must be moved
to the periphery, where it can be dissipated to the surrounding
air. Horses and humans are the only species with physiologic
mechanisms in place to allow this process (sweating).
Although sweating, in general, provides an efficient means
of heat loss, it can also lead to significant fluid and electrolyte
losses (Greenleaf and Morimoto, 1996). The magnitude of
these losses is particularly great during exercise of long dura-
tion, exercise performed in environments of high temperature
and humidity, or both. If uncompensated for, the loss of fluid
and electrolytes can lead to thermoregulatory as well as car-
diovascular instability (Rowell, 1983; Rowell, 1993) and
ultimately death (Geor and McCutcheon, 1998; McConaghy,
1994; McKeever, 1997; McKeever, 2008; Schott and Hinchcliff,
1993). Therefore, an understanding of thermoregulatory
mechanisms, as well as appropriate fluid and electrolyte inges-
tion, is imperative for anyone involved in training equine
athletes. This chapter provides a review of the current litera-
ture on exercise, fluid balance, and renal function in the horse.

BODY FLUID COMPARTMENTS

As with all animals, the body of the horse is primarily com-
posed of water. The total volume of water in the body is

compartmentalized in two areas: (1) inside the cells (intracel-
lular) and (2) outside the cells (extracellular). Carlson
(1983; 1987) has done an exceptional job of reviewing these
fluid compartments in the horse. Total body water (TBW) is
typically estimated to be 50% to 70% of body weight. In a
500-kg horse, this translates into 250 kg to 350 kg of
water weight (Carlson 1983; Carlson 1987; McKeever, 1998;
McKeever, 2008). Direct measures of TBW may be obtained
using various indicator dilution techniques, stable isotope
techniques, and bioelectric impedance technologies (Carlson
1983; Carlson 1987; McKeever, 2008).

Cell membranes provide a structural division of TBW into
the intracellular fluid (ICF) compartment and the extracellu-
lar fluid (ECF) compartment (Carlson 1983; Carlson 1987,
McKeever, 2008; Schott and Hinchcliff, 1993). Approximately
two thirds (~200 L) of TBW in the horse is ICE The remain-
ing third (~100 L) resides in the ECF space. According to
Carlson (1987), ECF is further compartmentalized into fluid
contained within the vascular space, the ICF space, the lym-
phatics, and transcellular fluids. This last category includes
the fluid content of the gastrointestinal tract, which of itself,
represents a large reservoir of water (Carlson, 1987).

The fluid occupying the vascular space is known as total
blood volume (BV). The actual measure of BV not only includes
fluid volume (plasma volume [PV]) but red blood cell volume
(RCV) as well. Thus: BV = PV + RCV (Carlson, 1987). In the
horse, resting BV varies from breed to breed, ranging from
61 milliliter per kilogram (mlL/kg) in draft horses to 137 ml/kg
in race horses (Carlson, 1987; McKeever, 1987; Persson, 1967).
Itis also affected by age, body composition, hydration status, and
training status. In an average 500 kg horse at rest with a PCV of
0.40l/L, total BV would be about 40 L, PV about 24 L, and RCV
around 16 L (Carlson, 1987; McKeever, 1987; Persson, 1967).

Aerobic performance in the horse is greatly affected by BV.
Oxygen delivery to, and uptake by, muscles is dependent on
both the PV and RCV components of BV. Optimal PV is
needed to ensure proper cardiac filling pressure (preload), and
an optimal number of red blood cells (RBCs) must be in place
to ensure proper arterial oxygen partial pressure (pO,). The
elegant work of Persson (1967), as well as that of many others
(McKeever et al., 1987; McKeever et al., 1993a; Rose and
Hodgson, 1994), has shown that there is a strong relationship
between RCV and aerobic performance in the horse. However,
the interdependence of RCV with PV should not be over-
looked. Blood flow can be affected by changes in viscosity.
Thus, if RCV is high, PV is low, or both, the resulting increase
in viscosity will slow blood flow and the delivery of oxygen to
the working muscles.
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In the literature, values obtained for BV, PV, and RCV vary
with the differing methodologies used to measure and calcu-
late total blood volume. For the most part, studies in the horse
have not relied on the direct measurement of BV. Instead, they
have generally used dye or indicator dilution techniques to
measure PV. The value for PV may then be used along with the
hematocrit (HCT) value to estimate BV using the following
formula (Formula 1) (Carlson, 1987; McKeever et al., 1987;
McKeever et al., 1988; McKeever et al., 1993a; Rose and
Hodgson, 1994;).

Formula 1: BV = (PV/100 - HCT) X 100

Dye or indicator dilution techniques require the use of an
indicator able to stay within the vascular compartment long
enough to reach full steady state distribution without substan-
tial removal by tissues. Ideally, this requires an indicator that
binds to a large molecule that does not readily diffuse or trans-
port out of the blood. Two substances commonly used to
measure PV in the horse include Indocyanine Green dye
(otherwise known as IC-Green or Cardiac green) and Evans
Blue dye (Carlson, 1987). Caution must be exercised in the use
of IC-Green to measure PV because of its rapid clearance (half
life) from the vascular compartment. It is better suited for the
repeated injections required during measurement of cardiac
output. Conversely, Evans Blue dye binds to albumin and,
thus, has a relatively long half life in the vascular compartment.
However, albumin can shift out of the vascular compartment if
there is an increase in hydrostatic pressure (Figure 6-1 and
Figure 6-2). Therefore, measurement of PV using Evans Blue
dye requires the horse to be standing quietly, unperturbed by
exercise or pharmacologic manipulations during blood sam-
pling (Carlson, 1987; McKeever et al., 1987; McKeever et al.,
1988; Rose and Hodgson, 1994).

Anything that disturbs the steady state of the cardiovascu-
lar system will affect the distribution of Evans Blue dye. Non-
steady state sampling, particularly in studies employing exer-
cise in their methods, has the potential to cause significant
error in the measurement of PV and the resultant calculation
of BV and RCV. Therefore, the results from studies reporting
BV, PV, and RCV values calculated from postexercise injection
samples should be viewed with caution. Injecting the marker
after exercise may skew the data in two ways. First, due
to increases in hydrostatic pressure, plasma volume can de-
crease 15% to 20% (see Figure 6-1) after only three 1-minute
stages of an incremental exercise test (McKeever et al., 1993a,
McKeever, 2004). Such a decrease would effect an artificially
high concentration of the dye. Secondly, the same increases
in hydrostatic pressure can cause the loss of dye from the
vascular compartment due to exercise-induced extrusion of
albumin (Carlson, 1987; McKeever et al., 1987; McKeever
et al., 1988; McKeever et al., 1993a, 1993b).

Another factor that must be considered in the calculation
of BV in the horse is the splenic reserve volume. Most species
retain a portion of their BV in the spleen. However, the spleen
in the horse is a very capacious and capricious organ. When
the horse is at rest, its spleen stores between 6 L and 12 L of
blood (16% — 30% of BV) (Carlson, 1987; McKeever et al.,
1993b; McKeever and Hinchcliff, 1995; Persson, 1967). In
addition, this splenic blood has a typical hematocrit of about
70 to 80 (Carlson, 1987; Persson, 1967) compared with blood
in the vascular tree with an HCT of 35 to 40. Thus, the calcu-
lation of BV in the horse becomes somewhat problematic.
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FIGURE 6-1 Changes in hematocrit and plasma volume in the horse
during incremental exercise. The second graph depicts the percent
change in plasma volume calculated using plasma protein concentra-
tion (i.e., total solids). The third graph depicts the percent change
in plasma volume calculated using hematocrit and the formula in
Box 6-1. (Adapted from McKeever KH, Hinchcliff KW, Reed SM, et al: Role
of decreased plasma volume in hematocrit alterations during incremental
treadmill exercise in horses, Am ] Physiol 265:R404, 1993a.)
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To account for the splenic reserve volume, most studies, to
date, have used exercise or infusion of adrenaline or an alpha-
agonist to cause splenic contraction and thus mobilization of
the splenic reserve volume. Once mobilized, accommodation
and mixing of this extra volume of blood (RBCs) takes only
1 to 2 minutes (Persson, 1967; Rose and Hodgson, 1994).
However, the confounding factor in many studies is the change
in hydrostatic pressure resulting from exercise or pharmaceuti-
cal manipulation. Although these are accepted viable methods
to induce splenic contraction and estimate the contribution of
the splenic reserve to the total circulating blood volume, if
hematocrit samples are drawn after exercise, their values will
be skewed upward due to the dynamic fluid shifts that occur
with exercise (Persson, 1967; Rose and Hodgson, 1994).
Therefore, the hematocrit value used to calculate total BV
would reflect both the contribution of splenic reserve mobili-
zation and reductions in plasma volume, resulting in an over-
estimation of BV. This is essentially an offset error that can
be controlled for in a study’s methodology. Reductions in PV
caused by exercise-induced fluid shifts (see Figure 6-1) are
linked to exercise intensity (Carlson, 1987; McKeever et al.,
1993a; McKeever et al., 1993b; McKeever and Hinchcliff,
1995). The comparison of HCTs only becomes a problem if
a study’s experimental design employs different exercise intensi-
ties. For example, calculating BV using an HCT value obtained
at the 10 meters per second (m/s) step of a treadmill test will
yield a different result from hematocrit collected at the 11 or
12 m/s step. Therefore, comparisons of BV between treatment
groups, or before and after training, must be based on HCT
drawn following exercise of the same intensity.

Resting PV can be determined by using Evans Blue dye.
However, measurement of PV in the horse during exercise is
problematic because of mixing time, the requirement for
steady state conditions, and the potential for overwhelming
the vascular space with dye through repeated injections. Per-
cent changes in PV can be calculated using changes in protein
(albumin) concentration (McKeever et al., 1993a). However,
because some protein leaves the vascular compartment during
exercise, this method tends to underestimate the reduction in
PV (McKeever et al., 1993a).

Studies with human athletes have addressed this problem
by using changes in HCT rather than albumin to calculate
changes in PV. This method is feasible because RBCs do not
leave the vascular compartment like protein molecules do, and
any change in their concentration must be due to changes in
plasma volume (Dill and Costill, 1974; Harrison, 1985; Van
Beaumont et al., 1972). For example, in humans, if the pre-
exercise hematocrit (HCTb) is 43 and the postexercise hema-
tocrit (HCTa) is 45, then the change in PV calculated using the
formula in Box 6-1 is —=7.9%. Absolute volume changes in liters
are then calculated using the absolute pre-exercise resting PV
determined using Evans Blue dye (Dill and Costill, 1974;
Harrison, 1985; Van Beaumont et al., 1972). However, it is impor-
tant to note that the use of this formula requires that there
be no addition of RBCs to the central circulation or change
in the size of the cells (Dill and Costill, 1974; Harrison, 1985;
Van Beaumont et al., 1972). In humans, neither of these factors
is a problem if the exercise duration is less than 120 minutes
(Harrison, 1985). In the horse, the addition of splenic RBCs to
the central circulation during exercise makes the use of this
formula problematic. Fortunately, McKeever and coworkers
(1993a), who employed splenectomized horses, developed a

BOX 6-1

Calculation of the Percent Change in Plasma Volume
Using Corrected Hematocrit in Horses*

- - TN ST STEs W el
HCT, =35
HCT,,,, = 58

HCT; in =55 — 35 =20
HCT, = HCT,5, — HCT, 1in =58 — 20 =38

HCT — HCT
%aPv = | —1%0 |« 100 x y
100—HCT, HCT,
35 —38
%APV = 100 X 1100 X u
100—35 37

o

%APV (%] x {100 » (;’)}

%APV = (154) X [—541]

%APV = —12.2

From McKeever KH, Hinchcliff KW, Reed SM, et al: Role of decreased plasma volume in hematocrit alterations
during incremental treadmill exercise in horses, Am J Physiol 265:R404, 1993a.

correction factor for this splenic contraction. They demon-
strated that the spleen contracts very rapidly with the onset of
exercise and that both the extruded PV and RBCs accommo-
date with the central circulation within the first 90 seconds
of exercise. Changes in HCT from the point of full mixing
onward were parallel in splenectomized and intact horses.
Therefore, from 2 minutes into exercise and beyond, changes in
HCT were caused by decreases in PV in both groups (McKeever
etal., 1993a). This meant that the difference between pre-exercise
and 2-minute values for HCT in intact horses represented a
splenic reserve offset that could be used as a correction factor
(McKeever et al., 1993a).

Box 6-1 demonstrates the use of HCT to calculate percent
changes in PV in the horse. If a horse has a resting hematocrit
(HCTb) of 35, and the hematocrit measured at 2 minutes of
exercise (HCTpmin) is 55, then the difference between the two
would be the correction factor (HCT,,,;,) applied to all the
hematocrits drawn after 2 minutes. In Box 6-1, if the uncor-
rected hematocrit (HCT,,,) was 58, then the value for HCTa
to be used in the calculation of PV would be obtained by sub-
tracting the correction factor (HCTyy,) from the uncorrected
hematocrit (HCT,,,).

HCT.y — HCTmin = HCTa

PLASMA OSMOLARITY AND THE
CONCENTRATION OF KEY ELECTROLYTES

Osmolality is the total number of dissolved particles in so-
lution, independent of the elemental species making up that
solution (Johnson, 1998; Wade et al., 1989). The term
osmolality is applied when the solute is expressed as weight
(kg). Thus, osmolality is the number of osmoles (Osm) of
solute per kilogram (kg) of solvent or (Osm/kg). In living
organisms, the solvent is expressed in terms of volume
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(liters). The relationship is the same, but the term is
changed to osmolarity (Osm/L). Normal plasma osmolarity
in the horse and most other mammals averages 290 mOsm/L
and is a reflection of the dissolved particles in both ICF and
ECF spaces (Carlson, 1987; Wade et al., 1989). Plasma
osmolarity plays a key role in maintaining a normal intracel-
lular environment, a factor that is vital for cellular function
(Carlson 1987; Greenleaf and Morimoto, 1996; Nadel et al.,
1993; Wade et al., 1989).

All of the electrolytes contribute to osmolarity by
affecting the osmotic concentrations in the various fluid
compartments of the body. Sodium (Na*) is the major cation
in the ECF space, making it the greatest contributor to osmo-
larity (Carlson, 1987; Greenleaf and Morimoto, 1996; Nadel
et al., 1993; Wade et al., 1989). This large molecule in solu-
tion exerts osmotic force across semipermeable membranes
such as capillaries and cell membranes. This force, or “osmotic
pull,” is exerted by the sum of freely moving particles in
solution exerting an effect on water in surrounding tissues
(Johnson, 1998; Szlyk-Modrow et al., 1996). Because water
tends to move down a gradient from an area of low concen-
tration to an area of high concentration, an increase or
decrease in plasma [Na®] (osmolarity) has the capacity to
cause large fluid shifts out of or into the cells. These fluid
shifts can dramatically alter normal cellular function. Since
a change in osmolarity reflects expansion or contraction
of the extracellular fluid compartment, cardiovascular func-
tion may be affected as well (Johnson, 1998; Szlyk-Modrow
et al., 1996). Extracellular fluid volume serves as one
of the first lines of defense in the regulation of cardiac fill-
ing volume and mean arterial pressure. A negative change
in osmolarity can negatively affect these hemodynamics,
thereby ultimately affecting the ability to perfuse the
tissues (Nose et al., 1988; McKeever, 2008; McKeever and
Hinchcliff, 1995).

Potassium is the primary cation found within the cells;
however, calcium and magnesium are additionally important
to intracellular functions (Carlson, 1987; Greenleaf and
Morimoto, 1996). Calcium within the tubular sarcoplasmic
reticulum of muscle cells plays a vital role in excitation
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contraction coupling (muscle contraction). Magnesium is an
important cofactor in many of the reactions involved in
cellular metabolism (Carlson, 1987; Kingston and Bayly,
1993; McKeever, 1997). Major extracellular anions in the
body include chloride, bicarbonate, and the phosphates
(Carlson, 1987; Kingston and Bayly, 1993; McKeever, 1997,
McKeever, 2008). Normal values for resting concentrations
of the major electrolytes found in plasma, interstitial fluid,
intracellular fluid, and sweat are listed in Table 6-1. These
concentrations are tightly regulated to prevent cellular
dehydration or swelling (edema).

Thermoregulation during exercise in the horse can result
in a tremendous volume of fluid loss (hypertonic sweat).
Thus, maintaining the fluid volume and solute composition
of the intercellular and extracellular body compartments
becomes a serious challenge (Carlson, 1983; Carlson 1987,
McKeever and Hinchcliff, 1995). Compromised cellular
function and cardiovascular stability (Wade and Freund,
1990) are serious considerations. Therefore, it is vitally
important that plasma osmolarity be regulated within very
narrow limits. The regulation of osmolarity is intertwined
with the defense of ECF volume, PV, and cardiac filling pres-
sure. Thus, its regulation involves an integrative response
of multiple systems, including the cardiovascular, neural,
endocrine, and renal systems (McKeever et al., 1993a);
McKeever and Hinchcliff, 1995; Rowell, 1993; Wade and
Freund, 1990).

Changes in plasma osmolarity are sensed by specialized
cells within the supraoptic and paraventricular nuclei of the
hypothalamus in the brain (McKeever and Hinchcliff, 1995;
Wade et al., 1989; Wade and Freund, 1990). These osmore-
ceptors can detect changes in plasma osmolarity as small as
2 mOsny/L that, in turn, evoke a rapid change in the synthesis
and secretion of the hormone arginine vasopressin (antidiuretic
hormone [ADH]) by the posterior pituitary. Within minutes, an
increase in vasopressin concentration causes renal reabsorption
of water, thus correcting the volume deficits and alterations in
electrolyte concentration suffered through the sweating process
(Convertino et al., 1981; Wade and Freund, 1990). In addition,
vasopressin stimulates thirst. The addition of water through

TABLE 6-1 - ——
Electrolyte Composition (mEq/L) of Plasma, Interstitial Fluid, Intracellular Fluid (Muscle), and Sweat

—— ~- —_—
Electrolyte Plasma Fluid Interstitial Fluid Skeletal Muscle Sweat Range
CATIONS
Na* 140 143 10 263 (132-593)
K* 4 4.1 142 51 (32-78)
Ca'* (ionized) 2.5 24 4 22 (3-58)
Mg** (ionized) 1.1 1.1 34 5
ANIONS
cr 100 113 4 268 (174-432)
HCO5 25 28 12
H,PO,, HPO, 2 2 40
Protein 14 0 50
Other 7 7 84

(Adapted from Schott HC, Hinchliff KW: Fluids, electrolytes, and bicarbonate, Vet Clin North Am: Equine Pract, 9(3):577-604, 1993.)



CHAPTER 6 Physiology of Acid-Base Balance and Fluid Shifts with Exercise 73

drinking also has a positive effect on fluid balance and osmo-
larity (Wade and Freund, 1990).

PLASMA CONCENTRATION VERSUS PLASMA CONTENT

When considering the effects of acute exercise on key electro-
lytes, changes in concentration must be distinguished from
changes in total content (McKeever et al., 1993¢; Van Beaumont
et al., 1972). By definition, the concentration of a substance
is the amount of solute in a given volume of solvent. Content,
in contrast, is the total amount of that solute in the fluid
compartment or body, depending on the focus of analysis.
For example, if the normal plasma concentration of sodium is
140 milliequivalents per liter (mEq/L), then the plasma content
of sodium would be obtained by multiplying its concentration
by the total plasma volume (McKeever et al., 1993c; Van
Beaumont et al., 1972).

Calculating content change for an electrolyte will deter-
mine if the corresponding change in its concentration is
caused by the addition or loss of the electrolyte itself or is
the result of changes in plasma volume. When measured for
the whole body, changes in content provide insight into how
electrolyte concentrations are affected through routes of in-
take and loss. This is of particular interest when the changes
are acute because of the stress imposed by exercise. Studies
with human athletes have long used key formulas to calculate
the total amount of specific electrolytes lost from the vascular
compartment during exercise (Box 6-2) (Dill and Costill,
1974; Harrison, 1985; Van Beaumont et al., 1972). An exam-
ple of their use would be in the examination of sodium losses
during short-term exercise versus long-term exercise. Plasma
sodium concentration is held within very narrow limits. Dur-
ing short-term exercise, these concentrations undergo mini-
mal changes. However, the plasma content of sodium does
show a decrease. In exercise of long duration, changes in
plasma sodium concentration may still be minimal, but the
changes in content are dramatic (Figure 6-3). These results
suggest the fluid shifts that occur during exercise are, in part,
caused by isotonic shifts (McKeever et al., 1993¢; Schott and
Hinchcliff, 1993).

Chloride concentrations, like sodium, are held within very
narrow limits. However, in the case of this ion, due to large
amounts lost in the sweat, there is a dramatic disproportional
decrease both in its plasma concentration and its content

BOX 6-2

Calculation of Percent Change in the Content of a
Plasma Constituent using Corrected Hematocrit

HCT, = Resting Hematocrit
HCT, = Corrected Hematocrit
Cn,, = Resting Concentration
Cn, = Post-Concentration

Co = Content of Solute
Cn, —[HCT, (100 —HCT, ) X (Cn,)]/HCT, (100 —HCT,)
HCT, (100 —HCT, )X (Cn,) / HCT, (100 — HCT,)

%ACo = X100

From McKeever KH, Hinchcliff KW, Reed SM, et al: Splenectomy alters the hemodynamic response to
incremental exercise in the horse, Am J Physiol 265: R409, 1993b.
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FIGURE 6-3 Changes in plasma volume and total body water with
steady state exercise at 25 (A) and 40 (B) miles of endurance. Bar
graphs demonstrate that the changes in the plasma concentration of
key electrolytes do not reflect the magnitude of the decrease in the
whole body content of those electrolytes due to sweating. (Adapted
from Schott HC, Hinchcliff KW: Fluids, electrolytes, and bicarbonate,
Vet Clin North Am: Equine Pract, 9(3):577-604, 1993.)

(McKeever et al., 1993c¢; Schott and Hinchcliff, 1993). When
considering potassium, the picture is just the reverse. Both the
plasma concentration and content of potassium increase
during high-intensity exercise. The measured increase in con-
tent allows for an accurate interpretation of the increase in
concentration, being that it is caused by both loss of plasma
fluid and addition of potassium to plasma when it “leaks” out
of the contracting muscle cells. One of the benefits in measur-
ing the plasma content of electrolytes is the knowledge it
provides toward the dietary supplementation of electrolytes to
replace their exercise-related losses.

ELECTROLYTES AND ACID-BASE STATUS

When considering the effects of exercise on fluid balance
and the internal environment of the body, changes in acid-
base status must be considered as well. Blood pH is tightly
regulated with small changes creating dramatic physiologic
outcomes. In the horse, short-duration, high-intensity exer-
cise creates a metabolic acidosis resulting in a decrease in
pH from resting values of 7.4 to levels as low as 6.8. In
contrast, there is an increase in pH during submaximal
endurance exercise, rising up to 7.8. Among those variables
that are closely linked to changes in pH are the dynamic
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alterations in ICF and ECF and electrolyte homeostasis that
occur with work. In the case of either high-intensity or sub-
maximal exercise in the horse, changes in pH have been
linked to changes in the major strong ions that are altered
by increases (from rest) in workload. The major cations and
anions are independent variables that contribute to the
disturbances, and then the rapid restoration, of pH during
and following the challenge of exercise (Lindinger and
Waller, 2008).

There have been many papers published on the effect of
acute exercise on whole body acid-base status in the horse
(Kingston and Bayly, 1998; Lindinger and Waller, 2008). A
large number of them have reported data obtained using the
Henderson-Hasselbach equation, where pH = pKa + log
[HCO51/CO; (Kingston and Bayly, 1998; Lindinger and Waller,
2008). The independent variables (PaCO, and [HCOs]) are
easily measured by using a blood gas analyzer. This method can
determine if there is alkalosis or acidosis in the body and
whether the change in pH is metabolic or respiratory in origin.

A change in the [HCO5™] in the numerator of the Henderson-
Hasselbach equation indicates that the change in pH is caused by
metabolic factors such as the rapid rate of adenosine triphosphate
(ATP) hydrolysis that occurs with high-intensity exercise or the
excessive chloride losses associated with a lengthy submaximal
session of work. If the change in pH is due to a change in the
PaCO,, then the mechanism for the alteration is considered res-
piratory in origin (Lindinger and Waller, 2008). The major dis-
advantage to the Henderson-Hasselbach method is the qualitative
nature of the information it derives with regard to exercise-related
acid-base status. This limitation has led researchers to seek
more quantitative methods for determining the physiochemical
mechanism behind exercise-induced changes in pH.

A quantitative method developed by Stewart (1981) simul-
taneously takes into account the variables measured in the
Henderson-Hasselbach equation, along with the interplay
needed to achieve equilibrium in the carbon dioxide system
(Figure 6-4), the weak acids, and the strong ions (Box 6-3).
The regulated dependent variables are [H+] and [HCO; |.
The independent variables measured for their effect on [H+]
and [HCOj5'] include the PaCO,, the A, (weak volatile acids,
primarily plasma protein), and the strong ion difference
(SID). There are many strong ions that contribute to the SID;
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FIGURE 6-4 Red blood cell and its role in the transport of carbon
dioxide and the regulation of acid—base status.
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Equations for Stewart Model of Plasma Acid-Base
Chemistry

Water Dissociation

[H] X [OH7] = K!,, M
Weak acid dissociation:

[H*] X [A7] = Ky X [HA] )
Weak acid conservation:

[HA] + [A7] = [Aror] 3)
Bicarbonate formation:

[H*] X [HCO;™] = K¢ X PCO, 4)
(arbonate formation:

[H*] X [CO57] = K3 X [HCO57] (5)
Electrical Neutrality

[SID] + [H*] — [HCO3] — [A] — [CO; 1 — [OHT]1=0  (p)

AT W EE—— e

Kw'is the ion product for water. [Aror] is the sum of both undissoci-
ated protein concentration, [HA], and ionized protein concentration,
[A~1. Ka is protein dissociation constant; K¢ is the combined equilibrium
and solubility constants linking the partial pressure of carbon dioxide,
PCO,, and bicarbonate concentration, [HCO; 1. K; is the dissociation
constant for the formation of carbonate, [CO;~]. [SID] is the difference
in strong acid and strong base concentrations.

Used with permission: Watson PD, Using ACIDBASICS to teach Acid
Base Equilibrium to Life Science Students, University of South Carolina

however, most exercise-related studies focus on sodium,
potassium, chloride, and lactate. Thus, SID = [(Na* + K*)
— (CI + LA)] (Constable, 1997; Kingston and Bayly, 1998;
Lindinger and Waller, 2008). In the Stewart approach, pH
decreases when the SID decreases. The opposite occurs
when the SID increases with the horse becoming alkalotic.
Some consider the Stewart approach cumbersome because it
requires simultaneous measurement of several independent
variables. However, the quantitative data gained through this
method lend much greater insight into the relative contribu-
tion of multiple factors in the regulation of acid-base status.

MAXIMAL EXERCISE

High-intensity, short-duration exercise results in a dramatic
metabolic acidosis in the horse (see Table 6-1 and Table 6-2).
Blood pH can drop from 7.4 (resting) to 6.8, and bicarbonate
or total carbon dioxide (tCO,) concentrations can show
an increase of up to 10 mmol/liter from their normal resting
concentrations (Kingston and Bayly, 1998; Lindinger and
Waller, 2008). Following exercise, there is a rapid return to
resting values in pH, bicarbonate, and tCO, concentrations,
usually within 90 minutes. The respiratory compensation for
metabolic acidosis is mechanistically different in the horse
compared with humans. In humans, the hyperventilation
observed at the ventilatory threshold is part of the mechanism
for regulating pH through the elimination of CO, (Lindinger
and Waller, 2008). However, while VCO, increases in the horse
during exercise, the rate of elimination is inadequate because
the horse does not hyperventilate during exercise. This is
a species related difference that results in the well-recognized
hypercapnea associated with high-intensity work in the horse.
Coincident with the retention of CO, in the horse are the
dramatic decreases in pH (Lindinger and Waller, 2008).

A portion of the drop in pH can be attributed to a dramatic
change in SID during high-intensity exercise in the horse
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TABLE 6-2 ~——
Summary of Selected Studies Showing the Effects of Maximal Exercise on Acid—Base Parameters

TSI .Y A WS -3 =

VENOUS ARTERIAL

Source pH [HCO0;7] Peoz pH [HCO;7] Peo
CARLSON*
Pre-ex 7.36 = 0.01 276 £ 14 498 =23 7.38 £ 0.01 257 =14 437 25
Max-ex 6.95 + 0.02 30.1 £ 0.51 1451 + 5.0 7.11 = 0.01 183+12 59.8 = 3.0
BAYLY et al*
Pre-ex 7.33 001 244+ 15 489 = 1.7 7.41 = 0.01 27.9 = 0.09 451 %05
Max-ex 6.87 + 1.00 200+ 1.3 1286 = 2.3 7.04 = 0.04 10.7 + 0.08 47219
HODGSON et al*
Pre-ex 7.41 + 0.02 — 485 * 22 7.44 + 0.01 — 492+ 12
Max-ex 6.96 + 0.02 — 115 = 3.1 7.1 +0.04 — 53.1 = 2.1
PARKS AND MANOHAR'
Pre-ex 7.33 £ 0.01 — 423=*15 7.37 £ 001 21.2=0.08 380= 12
Max-ex 6.99 + 0.01 — 56.0 + 2.3 7.23 +0.01 11.0+05 27012

HCO;~, milliequivalent measurement; Max-ex, end of maximal exercise; P, millimeters of mercury measurement; pre-ex, pre-exercise;.

“Corrected to pulmonary artery temperature.
"(orrected to rectal temperature.

Adapted from Kingston JK, Bayly WM: Effect of exercise on acid—base status of horses. In Hinchcliff KW, editors: Vet Clinics of North America: equine practice: fluids, electrolytes and thermorequlation in horses, Philadelphia,

1998, WB Saunders, p 61.

TABLE 6-3 ©
Summary of Selected Studies Showing the Effects of High-Intensity Exercise on Plasma Strong lon Concentrations*

— L r————

CARLSON TAYLOR et al

Source Time Pre-ex Max-ex Pre-ex Max-ex
VENOUS
[Na*] 1372 +15 150.3 + 2.4 136.5 141
[K*] 41+03 7.9 = 1.1 3.86 + 0.01 5.75 + 0.1
[CI-] 100.4 + 0.8 99.8 = 0.7 924+ 05 903 + 0.3
[Lac™] 0.6 = 0.1 20.0 = 2.0 0.41 + 0.02 531+ 0.1
[SID] 403 384 46.55 + 0.5 50.93 = 0.4
ARTERIAL
[Na*] 137.1 17 1496 = 1.2 136.8 138.3
[K*] 40+03 74+10 3.84 + 0.01 5.36 = 0.02
[CI] 101.2 = 0.9 107.6 = 1.2 95.7 + 0.5 94.8 + 0.3
[Lac™] 0.5+ 0.1 188 =19 0.41 + 0.01 5.55 + 0.1
[SID] 394 306 4424 = 0.5 40.89 = 0.4

Lac, lactate; max-ex, maximal exercise; pre-ex, pre-exercise; SID, strong ion difference.
*All values are expressed as milliequivalents.

(Adapted from Schott HC, Hinchcliff KW: Fluids, electrolytes, and bicarbonate, Vet Clin North Am: Equine Pract, 9(3):577-604, 1993.)

(Constable, 1997; Kingston and Bayly, 1998; Lindinger and
Waller, 2008). This change in SID is caused by transient
changes in plasma electrolyte concentrations (Table 6-3). In
races covering distances between 1200 m and 2400 m,
changes in electrolyte and acid—base status are associated with
increases in the concentrations of Na*, K™, Cl~, and LA™, all
of which affect SID. High-intensity exercise also results in
an increase in plasma protein concentration by two routes:

(1) the loss of plasma water, and (2) the addition of plasma
protein due to splenic reserve mobilization.

During high-intensity exercise, plasma sodium concentra-
tion increases because of movement of water out of the vascu-
lar compartment and the extracellular space. Despite this
increase, and the concomitant increase in plasma protein, there
is no change in chloride concentration (Constable, 1997;
Kingston and Bayly, 1998; Lindinger and Waller, 2008). This
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may reflect the effect of the chloride shift (see Figure 6-4) that
is part of the bicarbonate system in the RBCs. It may also be
a reflection of the large increases in the other strong anion,
lactate. This anion is exchanged along with chloride across
the muscle cell membrane. Similar to sodium, plasma potas-
sium concentration increases during high-intensity exercise,
reaching values greater than 10 mmol/L (Constable, 1997,
Kingston and Bayly, 1998; Lindinger and Waller, 2008). How-
ever, the increased plasma potassium is transient, returning
to the normal resting range within minutes after maximal
exercise. Mechanistically, an accumulation of H+ in active
muscle impairs the sodium-potassium-adenosine triphospha-
tase (Na*- K™ -ATPase) pump, which, in turn, decreases the
reuptake of K* by the fibers. The functional significance of this
flux of K* is a decrease in muscle membrane potential, which
may contribute to fatigue during high-intensity exercise.

LOW-INTENSITY EXERCISE

During endurance exercise, changes in acid-base status are
related, in part, to the tremendous amounts of sweat lost by
the horse during prolonged bouts of work. In hot conditions,
a horse competing in an endurance ride may lose up to 10%
of its body weight. Even more critical is the fact that the sweat
of the horse is hypertonic compared with the plasma. This
differs from humans, in whom the composition of sweat is
hypotonic to the plasma (Kingston and Bayly, 1998). The
functional significance of this species related difference may
be related to thermoregulation. In the horse, the surface area
to body mass ratio is less optimal than that of humans. Thus,
the extra salt in the sweat enhances solvent drag and alters the
vapor point of the solution as well. Some have suggested that
this means the horse can get sweat onto the skin for faster
evaporation, thus increasing the rate of cooling. However, the
magnitude of the accompanying electrolyte losses can be
substantial, having a significant effect on whole-body SID and,
consequently, acid-base status (see Figures 6-3A and 6-3B;
Table 6-4).

TABLE 6-4 - .
The Effects of Prolonged Low-Intensity Exercise

(40% Vozmax) ON Plasma pH; Lactate, Na*, K*, and CI~
Concentrations; and Strong lon Difference in

Six Thoroughbred Horses Exercised over 45 km*

s - Y e s 1 — L —
Parameter Pre-ex 45 km
MIXED VENOUS

pH 7.39 £0.01 748 = 0.01
[HCO;7] 326 =043 36.9 = 0.84
[Na*] 1383 £ 0.6 139.3 £ 0.5
[K*] 4.24 + 0.09 3.88 £ 0.14
[CI7] 99.9 * 0.06 941 = 1.1
[Lac7] 1.04 = 0.11 1.79 = 0.19
[SID] 41.2 = 0.87 48.5 * 1.34

45 km, at the end of 45 km; Lac, lactate; pre-ex, pre-exercise; SID, strong fon difference.

*All values are expressed as milliequivalents.

(Adapted from Schott HC, Hinchcliff KW: Fluids, electrolytes, and bicarbonate, Vet Clin North Am: Equine
Pract, 9(3):577-604, 1993.)
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The flux, as well as the losses, of major anions and cations
varies between individual animals. Plasma sodium concentra-
tion varies with the duration of exercise and the environmental
conditions. Different studies have reported an increase in
concentration, no change, or a decrease in concentration
(Kingston and Bayly, 1998). In many cases, there is an initial
isotonic shift of fluid from the vascular compartment to the
interstitial space, followed by losses of sodium and water
as exercise progresses for an extended time. Potassium con-
centration increases because of a loss of plasma water and
leakage of potassium from the ICF compartment to the ECF
compartment.

However, when it comes to electrolyte losses during endur-
ance rides, the horse encounters a disproportional loss of
chloride. Although changes in sodium and potassium concen-
trations can contribute to changes in acid—base status through
their collective alterations in SID, the chloride loss seen in
the horse has the most pronounced effect. Chloride losses
during endurance exercise exceed sodium losses, making it
the principal anion lost in the sweat. During endurance exer-
cise, the observed decreases in plasma chloride concentration
can exceed 15 mmol/L (Kingston and Bayly, 1998)- This loss
of chloride ions can lead to the renal retention of bicarbon-
ate, which results in metabolic alkalosis. If the chloride
losses are substantial, this renal effect on acid—base status
can increase bicarbonate concentrations by up to 5 mmol/L
(Kingston and Bayly, 1998). These documented changes dur-
ing long-duration exercise in the horse have led to the
conclusion that administration of bicarbonate, either as a
treatment or as a feed supplement, is contraindicated for this
group of equine athletes.

EFFECTS OF ACUTE EXERCISE ON FLUID
AND ELECTROLYTE BALANCE

To defend the internal environment of the cells (cellular
homeostasis), the horse must regulate blood volume, blood
pressure, and the osmotic composition of the ICF and ECF
compartments (Convertino, 1987; McKeever, 1998; McKeever
and Hinchcliff, 1995; Nose et al., 1988; Rowell, 1983). There-
fore, acute fluid and electrolyte shifts have differing functional
significance related to their timing during exercise. Shifts
occurring early during exercise appear primarily related to a
systemwide redistribution of blood volume (Figure 6-5). Fluid
shifts from capacitance vessels and the interstitial space to
active circulation in the vascular tree for the purpose of increas-
ing venous return and cardiac output. Later responses provide
fluid and electrolytes for the production of sweat and thermo-
regulation. Finally, during prolonged exercise, decreases in
fluid stores lead to dehydration, which, in turn, leads to ther-
moregulatory and cardiovascular instability. If repeated, over
time, this latter challenge stimulates an expansion of plasma
volume and the content of various electrolytes. This is a benefi-
cial adaptive response known as training-induced hypervolemia
(McKeever et al., 1987; McKeever et al., 2002).

INTERCOMPARTMENTAL FLUID SHIFTS AT THE ONSET
OF EXERCISE

Senay (1978) demonstrated, in humans, that in the first
seconds at the onset of exercise, there is a rapid net movement
of protein and fluid from the interstitial space and lymphatics
into the vascular compartment. Coupled with a redistribution
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FIGURE 6-5 Changes in plasma volume in the horse during
submaximal steady state exercise (Adapted from McKeever KH: Body
fluids and electrolytes: responses to exercise and training. In Hinchliff K,
Kaneps A, Geor R, editors: Equine exercise physiology, Philadelphia,
2008, pp 328-349.)

of blood from the venous capacitance side of the vascular
system to the arterial side, this inward flux of protein
and water causes a transient, short-lived increase in PV. This
increase occurs for the provision of an adequate venous return
to maintain cardiac filling pressure at a time when there
is rapid vasodilation in the working muscles (Delgado et al.,
1975; McKeever, 1998; Musch et al., 1997; Rowell, 1983;
Rowell, 1987). A similar response that has been demonstrated
in dogs probably occurs in horses as well (Coyne et al., 1990;
Delgado et al., 1975; Musch et al., 1997).

At rest, albumin is the primary protein found in the vascu-
lar space and globulin represents the most prevalent protein
found in the lymphatics (Coyne et al., 1990). With the onset of
exercise in the horse, there is a dramatic shift in the albumin-
to-globulin ratio. This shift is consistent with an inward flux
of fluid from the interstitial space, which suggests that the
horse’s experience with the onset of exercise is similar to that
of humans (Coyne et al., 1990; Senay, 1978). In the horse,
plasma is also added to the central circulation from the splenic
reserve (McKeever et al., 1993a; Persson, 1967). Splenic blood
volume in the horse ranges from 6 L to 12 L with an HCT
value between 70% and 80% (McKeever et al., 1993a; Persson,
1967). This means that with splenic contraction at the onset
of exercise, the horse adds 1.6 L to 3.6 L of plasma to the
central circulation. This volume is in addition to the volume
added by intercompartmental fluid shifts described earlier
(McKeever et al., 1993a; Persson, 1967). In addition to sup-
porting the hemodynamic demands of exercise, this extra
volume may also support metabolic demands by increasing
circulating protein that may add extra buffering capacity to
the central circulation.

Following this initial intercompartmental redistribution
of water and electrolytes, plasma volume decreases rapidly
(Harrison, 1985; McKeever, 1998; McKeever et al., 1993a;
Nose et al., 1988). This secondary fluid shift is caused by a
significant increase in mean arterial pressure and consequen-
tially an increase in capillary hydrostatic pressure. These
pressure increases cause water, electrolytes, and a small
amount of protein to be extruded from the vascular
compartment (Harrison, 1985; McKeever, 1998). Studies of
horses performing moderate incremental exercise have dem-
onstrated that this decrease in plasma volume is rapid and

intensity dependent, with a 15% to 20% decrease in PV
observed after only four 1-minute steps of incremental work
(see Figure 6-1). This movement of water and salts bathes
the interstitial space, where it is taken up by the working
muscles, used to form sweat, or returned to the vascular
compartment (McKeever et al., 1993a).

In mammals, the dynamic flux of fluid into and out of
the vascular compartment is governed by Starling forces (see
Figure 6-2). Net filtration and reabsorption across a vascular bed
is the sum of forces affecting the movement of fluid and os-
motically active substances (Carlson, 1987; Convertino, 1987,
McKeever, 1998; Rowell, 1983; Rowell, 1993). These forces
include capillary and interstitial hydrostatic pressures and cap-
illary and interstitial oncotic pressures. On the arterial side of
the resting capillary bed, hydrostatic pressure and interstitial
oncotic pressure outweigh interstitial pressure and intravas-
cular oncotic pressure. This favors a net movement of fluid out
of the vascular compartment. However, during rest, venous
oncotic forces outweigh the other forces, thus favoring a move-
ment of fluid back into the vascular space.

During exercise, the balance of Starling forces is greatly
affected by a larger increase in arterial hydrostatic pressure
(Carlson, 1987; Convertino, 1987; McKeever, 1998; Rowell,
1983; Rowell, 1993). At the arteriole level this amounts to an
increase of about 20 mm Hg in hydrostatic pressure enhancing
the net force of fluid outward (Convertino, 1987; McKeever,
2008). On the venous side of the capillary beds, hydrostatic
pressure is also elevated with a tendency for a net positive
outward force. This means that during exercise, more fluid is
shifted into the interstitial space than what is seen at rest. This
outward flux of fluid has a functional significance. It can either
be excreted as sweat (thermoregulation) or returned to the
vascular compartment via the lymphatics (hemodynamic)
(McKeever, 2008). The key here is that the decrease in PV seen
at the onset of exercise (McKeever, et al., 1993a; McKeever
etal., 1993b; McKeever, 2008) is dynamic and intensity depen-
dent (see Figure 6-1) and occurs before the onset of sweat
losses (see Figure 6-5) (McKeever et al., 1993a; McKeever
et al., 1993b). However, PV decreases seen after these initial
fluid shifts are the result of reductions in TBW caused by
sweating (Carlson, 1983; Carlson, 1987).

FLUID AND ELECTROLYTE LOSSES ASSOCIATED WITH
LONGER ACUTE EXERCISE

For the horse, evaporative cooling via sweating is the most
efficient way to transition a large amount of heat from the core
to the periphery (Carlson, 1987, Geor and McCutcheon,
1998a; Geor and McCutcheon, 1998b; McConaghy, 1994).
During exercise, the removal of heat requires a significant
redistribution of blood flow to skin. This is blood that could
be used to supply the working muscles with nutrients and
oxygen. However, the optimal perfusion of the working mus-
cles is highly dependent on mean arterial pressure that must
be kept within narrow limits (McKeever, 2008; Rowell, 1983;
Rowell, 1993). Transient alterations in mean arterial pressure,
as well as cardiac filling volume, are sensed respectively by
high-pressure baroreceptors and cardiopulmonary volume
receptors (McKeever, 2008; Rowell, 1983; Rowell, 1993).
Rowell (1993) suggested that a feed-forward mechanism
allows blood pressure to increase during exercise via an inte-
grated response of these two layers of defense. This response
includes an upward change in the set point of the receptors
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during exercise, which removes the check on the system that
would tend to limit an increase in cardiac output.

The shift in blood flow for thermoregulation, and its possible
negative impact on mean arterial pressure, must be countered by
other shifts in flow. Therefore, control of mean arterial pressure
during increasing exercise intensity necessitates shunting blood
away from nonobligate tissues. These “nonobligate tissues” in-
clude the splanchnic and renal vascular beds (Delgado et al.,
1975; Rowell, 1993; Zambraski et al., 1984; Zambraski, 1990).
As the intensity of exercise increases, changes in vascular tone
in these regions become increasingly pronounced and are
facilitated by both nervous system (catecholamines) and endo-
crine (plasma renin activity, vasopressin, etc.) effector signals
(Degado et al., 1975; Rowell, 1993; Zambraski et al., 1984;
Zambraski, 1990). In most cases, these factors influence vascu-
lar tone prior to any substantial loss of sweat (fluid) (Jimenez
etal., 1998; Lindinger and Ecker, 1995; McKeever et al., 1991a;
McKeever et al., 1992). Thus, adjustments in cardiovascular
function and renal blood flow appear to be a response to
the “stress of exercise” itself rather than to fluid and electrolyte
imbalance.

As exercise progresses, fluid shifts from the vascular
compartment to the interstitial space provide water for sweat
production (McKeever, 1998; Rowell, 1993). Sweat loss causes
a net reduction in TBW and a decrease in PV (see Figure 6-5).
If plasma volume is not replaced, it eventually results in a de-
creased venous return and cardiac filling pressure (Convertino,
1987; McKeever, 1998). During exercise, the horse is able to
maintain PV by utilizing fluid from the large colon and the
cecum (McKeever, 1998). There are, however, limits to these
fluid reserves, and during prolonged exercise, the large volume
of hypertonic sweat produced by the horse will eventually lead
to a compromised vascular volume (Geor and McCutcheon,
1998b). Cardiopulmonary volume receptors sense a drop in PV,
the corresponding drop in cardiac filling pressure, and the
resultant drop in stroke volume. To maintain cardiac output,
this decrease in stroke volume is countered by an increase
in heart rate. This increase in heart rate can occur even
during steady state exercise and is referred to as “cardiac drift”
(Rowell, 1993). If sweat production remains high, not only is
the cardiovascular system compromised, there will also be
progressive cellular dehydration, which will lead to decreased
cell function, fatigue, and failure to thermoregulate (Lindinger
and Ecker, 1995; McCutcheon and Geor, 1998; Sawka and
Pandolf, 1990; Sejersted, 1992).

Along with the fluid loss experienced with severe sweat
production, there is an associated loss of electrolytes stimu-
lating a variety of endocrine responses. Human studies have
documented that severe electrolyte loss can lead to weak-
ness, muscle cramps, acid-base imbalance, and decreased
performance (Sawka and Pandolf, 1990; Sejersted, 1990).
Interestingly, training adaptations in humans include sweat-
ing earlier during exercise and sweating in greater amounts
(Convertino, 1991). Similar adaptations have been seen
in horses with training (McCutcheon and Geor, 1996;
McCutcheon et al., 1999; McCutcheon and Geor, 2000) and
heat acclimation (Geor et al., 1996). Trained human athletes
also appear to have even more hypotonic sweat than their
untrained counterparts as a result of aldosterone’s action on
the sweat glands (Convertino, 1991). To date, similar training-
induced adaptations have not been demonstrated in the horse,
partly because the equine sweat gland is not responsive to
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aldosterone and, thus, cannot conserve sodium. Compared
with humans, the horse’s sweat gland functions very simply,
acting almost like a funnel, to allow a hypertonic solution of
electrolytes to move from the interstitial space to the surface
(McCutcheon and Geor, 1998). Teleologically, the solvent
drag associated with a hypertonic sweat is beneficial for ther-
moregulation, as it facilitates the movement of a greater
amount of water (and heat) outward. The extra salt in the
sweat, as well as the protein latheren, also alters the evapora-
tion point of sweat, thus possibly enhancing evaporative
cooling. In the exercising horse, this is functionally signifi-
cant because of the horse’s less favorable (compared with
human) ratio of surface area to fluid volume. The downside
to this sweating mechanism is the potential for large fluid
and electrolyte losses.

ENVIRONMENT, EXERCISE, AND SWEAT LOSS

Even under ambient conditions of mild temperature and low
humidity, the exercising horse is presented with a significant
thermoregulatory challenge. The dramatic increase in core
temperature experienced by the horse during exercise requires
an integrated response to transfer this heat to the environment.
This transfer process can be exacerbated with increases in
ambient heat and humidity. Recent studies of submaximal exer-
cise in the horse have reported sweat rates exceeding 12 L/hr
under conditions of high heat and humidity (see Chapter 8).
This large volume of sweat is the result of diminished evapora-
tive efficiency and leads to proportional decreases in body
weight, TBW, and PV. This, in turn, leads to a diminished ability
to thermoregulate as well as the compromise in hemodynamics
discussed earlier in this chapter.

It is well understood that hot and humid conditions will
increase the rate of sweating in the horse and speed up the
progress of dehydration. As the state of dehydration worsens,
the physiologic systems must prioritize their defense against
this potentially life-threatening condition. The continued
loss of total fluid volume is not only a threat to core tem-
perature, but mean arterial pressure is at risk as well (Rowell,
1993). As dehydration progresses, maintaining cardiac out-
put becomes the priority over thermoregulation. Thus, mean
arterial pressure is defended at the expense of skin blood flow
(Rowell, 1993). Sweat rate decreases, and the increase in core
temperature begins to become exponential. The resulting
hyperthermia can cause fatigue, cramps, heat stroke, and
other thermal injuries. In a hot and humid environment,
even a well-hydrated horse can encounter potentially life-
threatening situations within a shorter period.

In addition to the loss of fluid volume, the production of
large amounts of sweat presents another challenge for the
equine athlete, the loss of electrolytes. Historically, exercise-
related studies in the horse have demonstrated the loss of large
amounts of key electrolytes (Carlson, 1983; Carlson, 1987).
In older studies, the magnitude of this loss may have been
overestimated because of sampling techniques (i.e., sweat
scrapings) (Geor et al., 1996; Kingston et al., 1997). Nevertheless,
more recent studies using more refined methods adapted from
human research have documented significant losses in sodium
and chloride (Kingston et al., 1999). The loss of sodium can be-
come a problem particularly during recovery if a horse drinks too
much water. This can lead to hyponatremia, which, if untreated,
can lead to collapse and death (Geor and McCutcheon, 1998a;
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McCutcheon and Geor, 1998b; Sosa-Leon, 1998). However, of
greatest concern with a large volume of sweat loss in the horse is
the associated loss of chloride. A disproportionate loss of this ion
can potentially lead to a serious metabolic alkalosis and cell death
(McCutcheon and Geor, 1998; Sosa-Leon, 1998).

Although sodium and chloride are the primary electrolytes
lost in equine sweat, other elements such as magnesium and
calcium have also been reported to be lost in measurable quan-
tities (Carlson, 1987; Kingston, et al., 1997). In total, the high
concentration of electrolytes in equine sweat make it hyper-
tonic to plasma. Without electrolyte replacement through
the diet, equine athletes can suffer significant deficits in these
key elements. This is particularly true of horses competing
in endurance activities or under hot and humid conditions.
Thus, adequate watering, electrolyte supplementation, and the
advanced planning of training sessions are essential to the
health of the equine athlete.

THIRST, DRINKING, AND ELECTROLYTE INTAKE

In most cases, fluid and electrolyte losses following exercise can
be compensated for through the provision of adequate water, a
normal diet, and a salt and mineral supplement. With these
ingredients in place, an equine athlete can usually recover from
moderate, exercise-induced fluid and electrolyte losses. How-
ever, certain circumstances surrounding competition may put
the horse at greater risk for dehydration and electrolyte defi-
ciencies. These include hot and humid ambient conditions,
long trailer rides immediately prior to an event, or limited
recovery time between events (Gisolfi et al., 1990; Sosa-Leon,
1998). But even in these situations, fluid loss—related injuries
can typically be avoided through the proper ingestion, and
timing, of adequate amounts of water and electrolytes. To
understand the impact of timing on the effectiveness of water
and electrolyte intake, it is helpful to understand the horse’s
thirst mechanism itself.

As mentioned above, thirst and drinking are stimulated by
the hormonal response to changes in osmolarity that occur
with a decrease in total body fluid volume. Changes in osmo-
lality are sensed by the paraventricular and supraoptic nuclei
of the hypothalamus. With even a small increase in plasma
osmolality, the hypothalamus directs the posterior pituitary to
release arginine vasopressin (AVP). This hormone targets the
kidneys and effects the conservation of water in the plasma
(Freund et al., 1991; Nadel et al., 1993; Wade et al., 1989;
Wade et al., 1990; see Chapter 7). Simultaneously, the kidneys
themselves sense the increase in plasma osmolality and re-
lease renin into circulation. Renin is used by the liver to pro-
duce angiotensin, which, in turn, promotes the retention of
sodium (and thus water) by the kidneys (Zambraski et al.,
1984). Mechanistically, thirst can be stimulated by increases
in circulating concentrations of AVP and angiotensin, as well
as by changes in the concentration of calcium and other elec-
trolytes in the cerebral spinal fluid (CSF). At rest, these drives
for thirst and drinking are finely tuned in the horse.

With exercise, owners and veterinarians monitoring endur-
ance events have long reported a suppression of drinking in
horses, particularly at the end of endurance events (Butudom
et al,, 2002; Sosa-Leon, 1998). In many cases, clinicians
have reported this suppression of thirst and drinking behavior
lasting several hours following an event. Past research has
documented this same phenomena in humans and dogs

(Geelen et al., 1984; Greenleaf, 1994; Hubbard et al., 1990;
Hubbard et al., 1994; Thrasher et al., 1981). Recent studies
with the horse have found that there is an apparent suppres-
sion of AVP early in exercise (McKeever et al., 1991a). The
suppression of this key hormone is associated with the car-
diopulmonary baroreceptor response and mobilization of the
splenic reserve at the onset of exercise. Again, the priority
in the horse’s “fight or flight” response (exercise) is the main-
tenance of mean arterial pressure at the expense of all else
(McKeever, 1995; McKeever 2011). In the wild, thirst falls by
the wayside when immediate survival is a matter of foot speed.
This innate response remains in place in domestic equine
athletes as well.

The volume of water that must be consumed by the
horse to ward off, or alleviate, dehydration will obviously
vary with the individual animal and conditions. National
Research Council guidelines for feeding horses recommend
2 L to 4 L of water per kilogram of dry matter feed intake.
In warm environments, this volume can increase by 15%
to 20%. With prolonged exercise, this volume may increase
by 300% or more. Some studies have documented that
an active horse, under warm conditions, can consume 100 L
(~ 26 gallons) of water per day (McKeever, 1997). Follow-
ing exercise, when rehydration is imperative, is unfortu-
nately exactly the time the horse’s thirst mechanism can be
suppressed. Comparative studies in humans and dogs have
shown that this suppression can be exacerbated when cold,
hypotonic water passes by the nerves in the mouth and
throat (Greenleaf, 1994; Hubbard et al., 1990; Thrasher
et al., 1981). Therefore, not only is the availability of water
imperative after exercise, it should be warm and include
electrolytes to help encourage drinking (Gisolfi et al., 1990;
Sosa-Leon et al., 1995; Sosa-Leon et al., 1997). The addition
of electrolytes helps restore osmolarity to a normal range.
Interestingly, Australian research has demonstrated that
endurance horses can be taught to drink warm water with
electrolytes during competition (Sosa-Leon et al., 1995;
Sosa-Leon et al., 1997; Sosa-Leon et al., 1998). At the very
least, the old adage “water ad libitum” should be followed
with every horse, particularly the equine athlete.

RENAL FUNCTION DURING EXERCISE

Acute and chronic renal responses to exercise are part of an
integrative defense of blood volume, blood pressure, and osmo-
lality (Convertino, 1991; McKeever and Hinchcliff, 1995). In
general, exercise affects both renal blood flow and the mecha-
nisms associated with the tubular reabsorption of water and
electrolytes (Grimby, 1965; Hinchcliff et al., 1990; Hinchcliff
etal., 1995a, Kachadorian and Johnson, 1970; McKeever, 1998;
McKeever et al,, 1991a; Poortmans, 1984; Schott et al., 1991;
Zambraski, 1990). These alterations in renal blood flow and
renal function vary with both the duration and the intensity
of exercise (Freund et al., 1987). Zambraski (1990) suggested
that these alterations are both a response to the perceived
stress of exercise as well as to the perturbations in fluid and
electrolyte balance (Figures 6-6 and Figure 6-7). Conversely,
postexercise changes in renal function are part of a long-term
mechanism designed to restore lost water and electrolytes
(Convertino, 1991; McKeever, et al., 1987; McKeever et al.,
2002). In this manner, the kidney functions as a major effec-
tor organ in the adaptive expansion of PV and electrolyte
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FIGURE 6-6 Renal response to low-intensity exercise (Adapted from McKeever KH: Effect of exercise on
fluid balance and renal function in horses, Vet Clin North Am: Equine Pract 14(1):23-44, 1998.)

content that occurs with training. This expansion is referred
to as hypervolemia.

EFFECTS OF EXERCISE ON RENAL BLOOD FLOW

Absolute renal blood flow (RBF) is not reduced in humans or
horses during submaximal exercise. However, as a percentage
of cardiac output, RBF does decrease (Hinchcliff et al., 1990;
Zambraski, 1990). Hinchcliff et al. (1990) reported that renal
blood flow averaged 15 ml/kg/min in the horse and that it did
not change during low-intensity exercise. But because total
cardiac output increased, RBF dropped from 23% of cardiac
output at rest to 6% during low levels of work (Hinchcliff
et al., 1990; Zambraski, 1990). Conversely, high-intensity ex-
ercise has been shown to cause substantial reductions in abso-
lute renal blood flow in horses, humans, and swine but not in
normal dogs (Hinchcliff et al., 1990; Zambraski, 1990). When
work intensities exceed 50% to 60% of VOopax, renal vasocon-
striction occurs coincident with detectable increases in renal
nerve activity, circulating catecholamines, and plasma renin
activity (Zambraski, 1990).

Schott, and coworkers were the first to demonstrate in the
horse that high-intensity exertion causes a reduction both in
absolute RBF and relative RBF (% of cardiac output) (Schott
etal., 1991). When horses were exercised at a speed shown to
produce an oxygen uptake of 100% VOoy.y, absolute RBF
decreased from 9.0 L/min to 2.4 L/min (Schott et al., 1991).
Surprisingly, relative RBF decreased from 22% of cardiac
output at rest to 0.09% (Schott et al., 1991). This reduction in
RBF resulted in a substantial drop in glomerular filtration rate
(GFR) and a subsequent drop in urine flow. The excretion of
solute-free water and various electrolytes dropped as well.

EFFECT OF EXERCISE ON GLOMERULAR FILTRATION
RATE AND FILTRATION FRACTION

Blood flowing through the renal artery is filtered through
millions of glomeruli in the kidney. The glomerulus is part of
the nephron, the basic structural unit of the kidney. It is a
complex structure made up of the afferent artery, Bowman’s
capsule, and the efferent artery (Zambraski, 1990). Algebra-
ically, GFR is representative of the sum of the action of all the
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FIGURE 6-7 Renal response to high-intensity exercise. (Adapted from Zambraski EJ: Renal regulation of
fluid homeostasis during exercise. In Gisolfi CV, Lamb DR, editorsL Perspectives in exercise science and sports
medicine: fluid homeostasis during exercise, vol 3, Carmel, IN, 1990, Benchmark, p 245.)

nephrons and is autoregulated over a wide range of kidney
blood flow. As with RBE the effects of exercise on GFR in the
horse varies with the intensity of exercise (Hinchcliff et al.,
1990; Schott et al., 1991). GFR has been shown to increase or
decrease during submaximal exercise, depending on hydration
status. In studies where the subjects were hyperhydrated, GFR
did not change during submaximal exertion (Zambraski,
1990). However, when individuals were euhydrated, or
hypohydrated, changes in GFR were dependent on intensity,
duration, or both (Zambraski, 1990; Zambraski et al., 1984).
The greatest changes occurred when individuals performed
high-intensity exercise (Freund et al., 1984; Zambraski,
1990). Interestingly, RBF can be dramatically reduced during
exercise, although studies in humans showed that decreases
in GFR do not necessarily parallel the decreases in RBF
(Zambraski, 1990). Thus, glomerular filtration is somewhat
protected in the face of exercise-induced reductions in RBF
with a resultant increase in filtration fraction (FF; i.e., the
GFR:RPF ratio).

Zambraski (1990) suggested possible mechanisms to
explain the exercise-induced increase in FE First, glomerular
hydrostatic pressure is maintained and GFR is preserved
through greater constriction of the efferent arteriole relative
to the afferent arteriole. There are human data to support this
hypothesis; however, data from comparable species are lack-
ing. A second hypothesis postulates that changes in glomeru-
lar capillary filtration (Kf), simultaneously with decreases
in glomerular capillary hydrostatic pressure, assist in main-
taining GFR (Zambraski, 1990). Although not directly tested,
this mechanism fits teleologically with data from human and
animal studies that document exercise-induced increases in
substances that affect Kf, such as vasopressin, prostaglandins,
and angiotensin II (Zambraski, 1990).

The effects of exercise on GFR and FF appear to be similar
in the exercising horse to those observed in exercising
humans. Hinchcliff and coworkers (1990) reported that in

horses, as in humans, there appear to be no alterations in
GFR or FF during standing control or submaximal (50%-60%
VO,may) exercise. In this study, creatinine clearance (i.e., GFR)
ranged between 2.0 and 2.5 ml/min/kg, and FF averaged
23%. High-intensity exercise, however, produces a significant
decrease in GFR and a significant increase in FF in the horse.
Schott and coworkers (1991) demonstrated a 73% decrease in
GFR during exercise performed at an intensity shown to pro-
duce VOypa. As with humans, horses performing high-intensity
exercise had significant increases in filtration fraction from 16%
at rest to 23.2% after running (Schott et al., 1991). Although
drugs such as furosemide and phenylbutazone affect renal blood
flow, they do not appear to alter GFR and FF in the horse during
submaximal or maximal exercise (Hinchcliff et al., 1991; Schott
et al., 1995b). These observations suggest that renal prostaglan-
dins play a minimal role in mediating changes in GFR and RBF
in the horse during exercise.

RENAL TUBULAR FUNCTION AND EXCRETION DURING
EXERCISE

In simple terms, the kidneys filter the blood at the glomerulus
and then selectively reabsorb or secrete essential and nones-
sential substances in the tubules. Normal fluid and electrolyte
homeostasis requires the kidneys to eliminate excess water
and electrolytes or, if there is a deficit, to reabsorb those vital
components of the blood. Alterations in the GFR, in the tubu-
lar handling of water and solutes, or in both ultimately affect
the volume of urine produced and the rate essential electro-
lytes are excreted over a given period. Studies of humans,
dogs, and horses have demonstrated that changes in tubular
handling of water and solutes vary with work intensity
(McKeever et al., 1991a; Schott et al., 1991; Zambraski,
1990). These changes appear to be secondary to alterations
in renal blood flow, GFR, and the filtered load of a given
substance. Only a few studies have examined the effects of
exertion on renal tubular function.
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During submaximal exercise, performed at an intensity
below 60% VO, urine flow increases in humans and in
horses. However, low-intensity exercise resulted in a signifi-
cant 45% increase in urine production, whereas the total
volume of extra water lost (~6 mL/min) was reported to
be small compared with the increased volume lost as sweat.
McKeever et al. (1991a) reported that the increase in urine
flow was caused by an exercise-induced increase in osmotic
clearance. This increase in clearance was induced primarily
by natriuresis and kaliuresis. The increase in sodium excre-
tion appeared to be mediated by a concomitant increase in
plasma atrial natriuretic peptide (ANP). Even so, the total
amount of sodium lost via renal excretion was minimal. The
authors suggested that during exercise, ANP, being a potent
vasodilator, functions primarily to facilitate decreased vascu-
lar resistance in the working muscles. In turn, this accom-
modates increased atrial pressure caused by exercise-induced
increases in venous return (McKeever et al., 1991a; 1991b).
The relatively small but significant increase in sodium excre-
tion observed in horses and humans, which occurs early in a
bout of endurance exercise, appears to be a minor secondary
response to the potent cardiovascular action of this hormone
(see Figure 6-0).

Results from this same study also demonstrated a signifi-
cant kaliuresis as well as the previously mentioned natriuresis,
which suggests that the increase in potassium excretion was
caused primarily by a rise in plasma aldosterone concentra-
tion. The increase in plasma K* concentration seen in
submaximally exercised horses coincided with a secondary
increase in plasma aldosterone concentration (McKeever
et al., 1991a). Since there were limited decreases in plasma
sodium concentration, the increases in aldosterone release
may have been primarily in response to the rise in plasma K*
concentration. This phenomenon has also been demon-
strated by other researchers, who have shown the most
potent stimulus for aldosterone secretion to be an increase in
circulating potassium. Functionally, this increase in aldoste-
rone prevents excessive increases in plasma K™ concentration
that can alter electrophysiologic gradients in muscles and
other tissues. For example, several studies have documented
that excessive increases in plasma potassium concentration
appear to be one of many factors contributing to the onset of
muscle fatigue.

Another major problem associated with exercise in the
horse is an excessive and disproportional loss of chloride
through sweat. McKeever et al. (1991a) demonstrated that
when plasma chloride concentrations fall, renal chloride
losses decrease. Similar reductions in chloride excretion are
also seen in exercising humans (Zambraski, 1990). Since Na*
and K* excretion increase in submaximally exercised horses,
the authors suggested that mechanisms affecting the conser-
vation of those electrolytes are not responsible for the increase
in CI~ reabsorption (McKeever et al., 1991a). During an hour-
long bout of submaximal exercise, horses became alkalotic
(McKeever et al., 1991a). These and other data suggest that
renal mechanisms affecting the reabsorption of Cl™ and the
secretion of HCOj5™ by the antiporter in the apical membrane
of the intercalculated cell of the cortical collecting duct may
be responsible for the conservation of chloride (McKeever
et al., 1991a; Zambraski, 1990).

Last, with regard to submaximal exercise, solute-free
water clearance does not appear to be altered in the horse,
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despite significant increases in plasma osmolality and plasma
vasopressin concentrations (McKeever et al., 1991a). Similar
observations have been made in exercising humans (Zambraski,
1990). Possible explanations for this paradox include the follow-
ing: A decrease in renal blood flow could potentially decrease the
filtered load of solute free water available for reabsorption by the
action of AVP on the collecting ducts (Zambraski, 1990). How-
ever, this explanation would not be supported by the observation
that submaximal exercise does not affect absolute RBF or GFR
(Hinchcliff et al., 1990). It may, however, be possible that vaso-
pressin’s extrarenal functions are more important during exercise
and actions on the kidneys are overridden. Such functions may
include vasopressin’s role in the vasoconstriction of the vascular
beds in nonobligate tissues, its role in central mechanisms that
stimulate thirst and drinking, and its action on the gut (Rowell,
1993). In the gut, vasopressin appears to act on the epithelium of
the large intestine, enhancing the uptake of sodium and water
(Bridges and Rummel, 1984). This protective effect would aid
in the limitation of exercise-related fluid deficits more than
potential reductions in free water clearance.

High-intensity exercise appears to have effects on renal
function that are dramatically different from submaximal work
(see Figure 6-7). Sodium excretion is dramatically reduced
during high-intensity exercise in horses, pigs, and humans
(McKeever, 2008; Zambraski, 1990). Several mechanisms
could be responsible for the decrease in sodium excretion in
the horse, including the following:

e A decrease in filtered load of sodium

e Activation of the renin-angiotensin cascade
 Elevation of plasma aldosterone concentration
e Direct neurogenic control

In the first instance, a change in filtered load sodium would
mean that less solute would be presented to the tubules for
reabsorption. This would require a reduction in GFR, which
does not change in humans, pigs, or horses. Therefore, this
does not appear to be a viable mechanism for the decrease in
sodium excretion. Data have been published supporting the
finding that the decrease in sodium excretion is not affected
by pharmacologic blockade of the renin-angiotensin cascade
(Zambraski, 1990). In the horse, aldosterone concentration
increases with high-intensity exercise without a change in
sodium excretion, and studies in other species have shown that
sodium excretion returns rapidly to baseline following high-
intensity work. These observations suggest that aldosterone is
not the mediator of the antinatriuresis seen during exercise
(McKeever et al., 1991a; Schott et al., 1991; Zambraski 1990).
The rapidity in the recovery of sodium excretion has been
further interpreted to suggest that a neural mechanism is in
play (Zambraski, 1990). This theory is consistent with a
reported intensity-dependent increased renal sympathetic nerve
activity during exercise (Zambraski, 1990). Zambraski and
others have suggested that on the basis of all the current evi-
dence, it can be concluded that the mechanism behind exercise-
induced increases in sodium reabsorption is primarily a direct
neurogenic control (Zambraski, 1990).

Schott et al. reported that urine flow almost stopped during
supramaximal exercise in the horse and was still below pre-
exercise levels in the period immediately after exercise. High-
intensity exercise also caused a decrease in urine osmolarity
and osmotic excretion (Schott et al., 1991). With these
results, a significant reduction in electrolyte excretion would
be expected. Interestingly, there were only nonsignificant
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reductions in the bulk excretion of K*, and CI~ during exer-
cise and no change in Na* excretion despite a reduction in
urine flow (Schott et al., 1991). This response contrasts with
changes observed in other species (Zambraski, 1990). One
explanation for this aberrational finding may be the design
of the experiment. The findings of this study were based on
results that pooled data from both exercise and postexercise
periods. Thus, the observed dramatic postexercise diuresis,
natriuresis, and kaliuresis (see below) may have been in-
cluded in the period covering exercise tests and may have
offset any exercise-induced decreases in electrolyte excretion
that should have occurred with a reduction in RBF and urine
flow (Schott et al., 1991).

High-intensity exercise also appears to affect urinary pH,
an observation of interest to racing chemists. Gerken and
coworkers (1991) reported that high-intensity exercise caused
a transient, and substantial, reduction in urine pH that lasted
for up to 60 minutes after exercise. The authors suggested that
the more acidic urine may affect the results of the battery of
tests used to detect foreign substances in the equine athlete.
Further, they suggested that alkalinizing agents such as
sodium bicarbonate may alter postexercise pH, thus further
complicating drug detection efforts.

POSTEXERCISE CHANGES IN RENAL FUNCTION

Although the high-intensity exercise studies of Schott et al.
(1991) did not document a change in tubular function,
the authors did report a substantial postexercise increase in
urine flow. Data were consistent with diuresis, kaliuresis, and
natriuresis (Schott et al., 1991). Excretion rates for these
substances returned to baseline by 30 minutes of recovery. The
authors suggested that the increase in sodium and potassium
excretion was most likely caused by an increase in ANP, a
hormone that has been shown to increase during exercise in
the horse. In the long term, the adaptations to exercise training
involve a reduction in 24-hour urine output and an expansion
of PV. These changes occur concomitantly with an increase in
the content of sodium in the vascular compartment (McKeever
etal., 2002).

THE ADAPTIVE (TRAINING) RESPONSE
TO REPEATED EXERCISE

HYPERVOLEMIA

Repeated exercise (training) usually evokes an adaptive
response that better prepares the horse’s various physiologic
systems for subsequent bouts of acute exertion (Figure 6-8).
Disturbances in fluid and electrolyte balance require a two-
phase response, with the early phase resulting in the replenish-
ment of acute fluid and electrolyte losses and a secondary, or
adaptive, phase that results in an enhanced ability to cope with
future systemic disturbances. This “hypervolemic” adaptation
involves a beneficial increase in blood volume due to an
increase in plasma volume (Convertino, 1991; Harrison, 1985).
Hypervolemia enhances both cardiovascular and thermoregu-
latory stability during the challenge of acute exercise. The
increase in TBW helps ensure cardiovascular stability by main-
taining venous return and, thus, cardiac output. The thermoregu-
latory benefits of hypervolemia are twofold. First, it enhances
the ability to increase skin blood flow, thus enhancing the trans-
port of heat from the core to the surface. Second, it increases the
amount of fluid available for sweat production and evaporative
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volemia seen in horses. (Adapted from Convertino VA: Blood volume: its

adaptation to endurance training, Med Sci Sport Exerc 23:1338, 1991.)

cooling. Both these adaptations make heat loss in the horse
far more efficient.

Mechanistically, hypervolemia is an integrated effort of
multiple systems to defend volume, plasma osmolality, and
blood pressure. Comparative studies (Convertino et al., 1981;
Convertino et al., 1983; Convertino, 1991; Costill et al., 1976;
Freund et al., 1987; McKeever 1985) have demonstrated that
approximately 60% of the mechanism behind the hypervolemic
response is related to stimuli associated with the demands of
thermoregulation. The remaining 40% of the response appears
to be related to mechanisms directly associated with exertion
(Convertino, 1991). These mechanisms counter acute fluid
and electrolyte losses by stimulating the intake of water and
by reducing renal removal of water and electrolytes.

Humans and horses lose a large amount of electrolytes in
their sweat. Therefore, they have a physiologic drive to replenish
fluid and electrolytes to defend both volume and tonicity. In
horses and humans, drinking during and immediately after
exercise only slows or partially counters the development of a
fluid deficit at best and does nothing to counter any electrolyte
deficit (Kirby et al., 1986; McKeever et al., 1987; McKeever
etal., 2002). Studies of horses and humans show mixed results
as to the role of water and electrolyte intake in the long-term
response to exercise training. In humans, drinking does not
account for all of the net water retention (Kirby et al., 1984).
In fact, most of the actual expansion of TBW comes through
renal mechanisms. In the horse, a recent study reported that
water intake increased with training. However, the authors
did not measure renal losses or conduct a balance study that
would determine if the amount ingested actually contributed
to an expansion of PV. Conversely, other studies have shown
that training does not alter water intake in the horse. Instead,
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they have reported that the horse appears to rely on renal
mechanisms and an overall reduction in urine water loss
to retain the sodium and water needed to expand PV and
BV (McKeever et al., 1987; McKeever et al., 2002; Lindinger
et al., 2000).

In both humans and horses, the decrease in urine output
seen with training is caused by changes in postglomerular
mechanisms rather than by a change in filtration rate (McKeever
etal., 1987; McKeever et al., 2002). These renal adjustments are
an adaptation, rather than a countermeasure, to the perturba-
tions of acute exercise. In humans, the mechanism appears to
be an aldosterone-mediated retention of sodium and water,
which causes a net retention of water (Leutkemeier et al.,
1994). Until recently, the mechanism behind the hypervolemic
response was not as clear in the horse. An early study did not
demonstrate any change in renal mechanisms affecting the
retention of sodium and water. Instead, it was suggested that
urea, rather than sodium, may be the solute responsible for the
renal retention of water that leads to hypervolemia in the horse
(McKeever et al., 1987; McKeever et al., 2002). However, the
authors paradoxically demonstrated that there was a highly
significant increase in plasma sodium content paralleling the
increase in plasma volume. Interestingly, this net increase in
retained sodium and water occurred despite increased losses
through sweating. Since the rate of sodium intake was held
constant, the only other route for its retention must have been
either a more efficient uptake of electrolytes and water from
the gut, a net retention by the kidneys early on in training, or
both (Bridges and Rummel, 1984; McKeever, 2002). In hu-
mans, most of the response occurs in the first days of training.
More recent work with the horse by McKeever et al. (2002)
focused on the first days of training and demonstrated that
there are dramatic reductions in urine output and excretion of
sodium during this period (McKeever et al., 2002). Thus, like
humans, the horse appears to undergo a similar adaptation in
the aldosterone-mediated retention of sodium and water by
the kidneys.

However, this research also found that renal retention of
sodium and water did not fully counter the losses through
sweat during the first days of training. The authors suggested
that an enhanced aldosterone-mediated uptake of sodium and
water from the large intestine may also contribute to the reten-
tion of electrolytes and water. Since the horse’s large intestine
serves as a fluid reservoir, this may be a warranted species-
specific adaptation in response to the relatively larger electro-
lyte deficits (than in humans) associated with the production of
hypertonic sweat. Enhanced intestinal uptake of sodium and
water is supported by other studies demonstrating that aldoste-
rone may enhance the transport of electrolytes and water from
the digestive tract of the horse (Jansson et al., 2002).

Concurrent with the above-mentioned retention of water,
sodium, and other vital electrolytes (which keeps the retained
fluid isotonic), there is an increase in the plasma protein content
(Kirby et al., 1984; Convertino, 1991). This increase in protein
functions to keep the plasma iso-oncotic, thus holding water
within the vascular space. Human studies suggested that the
early (in training) increase in plasma protein content comes
about from inward shifts of protein from the lymphatics and the
interstitial space. Later in training, plasma protein is further in-
creased from an overall net increase in plasma protein synthesis.

One aspect of the effect of training yet to be studied in the
horse is whether there are alterations in cardiopulmonary
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baroreceptors that allow for the retention of the extravascular
volume. Human studies have shown that training results in a
downregulation of the ANP and neuroendocrine response to
exercise, quite possibly to accommodate the hypervolemia
associated with exercise training (Convertino, 1991; Rowell,
1993). Future research should determine if downregulation of
these important control mechanisms also occurs in horses.

It is important to note that short-term horizontal studies of
humans, dogs, and horses have demonstrated that the
increase in PV occurs early in training and is followed by
a subsequent slow increase in RBC volume (Figure 6-9).
Therefore, when measuring HCT early in training, the greater
PV on its own can give the appearance of anemia caused by the
resulting lower concentration of RBCs. As training progresses,
RBC volume slowly increases, and the early increases in PV
level off and may even decrease. Thus, months into training,
there is both a greater PV and RBC volume contributing to the
increase in total blood volume. Interestingly, at this point, RBC
concentration remains the same as its pretraining level, most
likely to optimize both blood viscosity and oxygen-carrying
capacity (Birchird, 2002; Sawka et al., 2000).

RED BLOOD CELL HYPERVOLEMIA AND OVERTRAINING
SYNDROME

Overtraining syndrome is a phenomenon affecting both human
and equine athletes (Bruin et al., 1994; Golland et al., 2003;
Mackinnon and Hooper 2000; Persson Kreider et al., 1997).
Broadly defined, overtraining syndrome is “an accumulation
of training and/or nontraining stress resulting in long-term
decrement in performance capacity with or without related
physiological and psychological signs and symptoms” (Kreider
etal., 1997; Mackinnon and Hooper, 2000). In short, in spite of
training, athletic performance worsens because of insufficient
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FIGURE 6-9 Estimated time course of relative (%) changes in blood
volume (middle line), plasma volume (upper line), and erythrocyte
volume (bottom line). Each point represents the average change reported
in a group of (human) subjects from one investigation. Data were
extracted from 18 investigations in which all three vascular volumes
were reported. (Adapted from Sawka MN, Convertino VA, Eichner ER, et al:
Blood volume: importance and adaptations to exercise training, environmental
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recovery between exercise bouts. This condition can last for
months, even when training frequency and intensity are
reduced (Mackinnon and Hooper, 2000). The etiology of over-
training syndrome is multifaceted, and clinical manifestations
in humans include both the physiologic as well as psychologi-
cal state of the individual (Kreider et al., 1997; Mackinnon
and Hooper, 2000). Older studies of overtraining in the horse
focused on a phenomenon referred to as red cell hypervolemia.
This condition is characterized by an excess of RBCs that
hypothetically limit performance (Funkquist et al., 2001,
Persson, 1967; Persson et al., 1996; Persson and Osterberg,
1999). This condition should not be confused with the above-
mentioned training-induced hypervolemia that involves the
beneficial expansion of PV and HCT. For the most part, re-
ports of RBC hypervolemia were based on cross-sectional
studies of clinically normal horses versus “hypervolemic”
horses within a regional (Sweden) population of (primarily)
Standardbred horses. There have been no published data
suggesting a widespread incidence of red cell hypervolemia
in horses around the world. Moreover, excessive production
of RBCs has not been observed as a consequence of overtrain-
ing syndrome in other athletic species. Mechanistically, it
could be hypothesized that chronic exercise could disrupt the
regulation of erythropoiesis through a chronic increase in the
hormone erythropoietin (EPO) (McKeever, 1996; McKeever
et al., 2006; McKeever et al., 2011). Unfortunately, none of
the published red cell hypervolemia cross-sectional studies
measured plasma EPO concentration; nor did they attempt
to give some mechanistic insight into why such a highly regu-
lated system would be disrupted by the stress of training. A
more recent horizontal study of overtraining and the potential
role of red cell hypervolemia convincingly demonstrated that
there were no differences between normal and overtrained
horses (Golland et al., 2003). In fact, the authors reported that
RBC volume appeared to decrease slightly with long-term
training. The data from this study strongly suggest that red
cell hypervolemia is not a mechanism for the loss of perfor-
mance in Standardbred horses. In light of these more recent
findings, it is clear that more research is needed to determine
the mechanism(s) associated with overtraining syndrome in
performance horses.

EFFECTS OF AGING ON THE ACUTE
AND CHRONIC RESPONSE TO EXERCISE

In humans, limited data have been reported comparing the
thermoregulatory response of older and younger men and
women to exercising in hot and humid environments. Some of
these experiments have determined that the ability to dissipate
heat during exercise declines with increasing age (Armstrong
and Kenney, 1993; Kenney, 1995; McKeever, 2002). Suggested
reasons for this age-related decline include lower cardiovascu-
lar capacity caused by the age-related decrease in cardiac out-
put, alterations in mechanisms associated with the control of
skin blood flow, and a possible state of hypohydration in older
adults. Even though the data are mixed on the role of each of
these factors, individually or in combination, it has been con-
cluded that age influences thermoregulatory function during
exercise in humans.

Although numerous studies have examined thermoregu-
lation in young horses, data addressing the effects of age on
the thermoregulatory response in this species are limited.

McKeever and coworkers (2010) exercised young and old
horses at the same submaximal absolute work intensity
(1625 watts) until they reached a core body temperature of
40°C. The old horses reached this temperature in almost half
the time of their younger counterparts. Heart rates of the
older mares at 40°C were also substantially higher than those
of the younger mares; however, both groups had similar core
temperatures and heart rates 10 minutes after exercise
(McKeever et al., 2010). Unfortunately, this study was only
descriptive and was not able to address specific mechanisms
involved in this apparent age-related difference in exercise-
related thermoregulation.

However, data from human studies may shed light on rea-
sons for the apparent impairment of thermoregulation in the
older horse. Increasing cardiac output during exercise helps
meet the dual demand for increased blood flow to the working
muscle and skin (Armstrong and Kenney, 1993; Betros et al.,
2002; Kenney, 1995; McKeever, 2002). In humans, the inabil-
ity to adequately increase cardiac output during exercise will
often compromise an older person’s ability to dissipate heat
and defend against hyperthermia (Armstrong and Kenney,
1993; Kenney, 1995). It could be suggested that this same in-
ability occurs in the aging horse. The shorter time taken by
older horses to reach 40°C during exercise and an almost 30%
greater mean heart rate at this core temperature suggest that
the older horses may have an age-related decrease in maximal
cardiac output that leads to compromised thermoregulation
during exercise. This speculation is supported by the decline
in maximal heart rate and stroke volume reported by Betros
et al. (2002).

The ability to thermoregulate is also related to hydration
status. In humans, it is common for older individuals to have
lower TBW (Armstrong and Kenney, 1993; Kenney, 1995).
Data are mixed, however, as to whether older humans are
chronically hypohydrated. Interestingly, McKeever and co-
workers (2010) have suggested that older horses have a
substantially lower pre-exercise PV compared with that in
younger animals. Thus, older horses may start off with a
significantly lower absolute amount of vascular fluid volume
compared with younger horses, so cardiovascular and ther-
moregulatory stability is compromised during exercise.

An additional observation in the exercising older horse
was a greater sweat rate compared with younger horses
(McKeever et al., 2010). This could have been caused by
alterations in skin blood flow. Skin blood flow was not mea-
sured in the study mentioned above, but human studies have
demonstrated an impaired skin blood flow response to exer-
cise in older individuals (Armstrong and Kenney, 1993;
Kenney, 1995). The inability to keep cool, despite an in-
crease in sweat rate in the older horse, would be consistent
with the impairment of skin blood flow observed in humans.
The mechanism for an age-related decline in skin blood flow
during exercise may involve alterations in the sensitivity of
neuroendocrine mechanisms affecting vascular tone. This
is an area currently being investigated in humans and would
be supported by age-related differences in the endocrine re-
sponse to exercise in the horse as well (McKeever and Ma-
linowski, 1999). Regardless of the mechanism, the older
horse’s decreased ability to thermoregulate during exercise
warrants the extra attention of trainers, riders, and vets.
Hydration status becomes even more important in the aging
equine athlete.
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CONCLUSION

Exercise places large demands on the cardiovascular system of
the horse. These demands can be further magnified by envi-
ronmental factors. End performance is limited in many re-
spects by fluid and electrolyte stores as well as by the ability
to maintain cardiovascular and thermoregulatory stability in
the face of severe sweat loss. Studies of the exercising horse
have been primarily descriptive, associative, or both, with
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Most horses spend the majority of their day eating, stand-
ing, and occasionally exercising. Physical activity can
range from running up and down the fence line (in anticipation
of the feed truck) to athletic training for a variety of competitive
endeavors. Under resting conditions, the horse has a relatively
easy job of maintaining the internal environment. However,
work or exercise has the potential to be a major physiologic and
homeostatic challenge that invokes an integrative response
from multiple organ systems (McKeever, 2002). The response
to exercise requires the transport of oxygen from the atmo-
sphere to the cells in the working muscles, where it is utilized
in metabolic pathways generating adenosine triphosphate
(ATP) for fuel utilization (see Chapter 3). In reality, though, the
adjustments to acute exercise require the coordination of sev-
eral systems, including the respiratory, cardiovascular, muscu-
lar, integumentary, renal, hepatic, and digestive systems. Each
tissue or organ called upon to facilitate activity must function
in coordination with others in a variety of classic feedforward
and feedback loops. To accomplish this, multiple layers of con-
trol exist in the body. The first muscle contractions associated
with work will alter the mechanisms of autoregulation, causing
changes in local control that are sensed peripherally. Longer or
progressively more intense work causes systemwide alterations,
which require integrated whole body responses that involve
neural and endocrine mediation (Dickson, 1970; McKeever,
2002; McKeever and Hinchcliff, 1995; Rowell, 1993; Willmore
and Costill, 1994).

The most rapid mechanisms used to facilitate a coordinated
response to exercise involve an integration of signals in the
periphery that are communicated via the nervous system to
the central command centers, where adjustments are made to
the respiratory and cardiovascular systems (McKeever and
Hinchcliff, 1995; Rowell, 1993; Willmore and Costill, 1994).
Initial rapid adjustments in cardiopulmonary function at the
onset of exercise can be accomplished primarily via a shift
in the autonomic tone, with an initial withdrawal of parasym-
pathetic tone followed by an increased sympathetic drive with
increasing intensity of activity. However, as exercise progresses
beyond a few seconds, more sophisticated mechanisms are
called upon to finetune the initial response to the disturbance
of exercise.

Fine—tuning of the response to exercise that lasts longer than
a few seconds is reliant on the regulation of several key vari-
ables governing the cardiopulmonary, vascular, and metabolic
adjustments. Regulation allows the internal environment to be
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maintained within relatively narrow limits so as to maintain
optimal function. This type of classic regulation involves a mul-
tiple system response where some variables are controlled so
that those that are the most vital to the defense of the internal
environment can be regulated. There is also a certain degree of
redundancy in the systems which provides for more effective
adjustments and tighter control. This type of integrative
response is slower than a neural response because it requires
communication between systems that relies on the secretion of
substances by one tissue or organ that are transported remotely
to other tissues or organs to evoke a response to adjust to the
disturbance (McKeever and Hinchcliff, 1995; Rowell, 1993;
Willmore and Costill, 1994).

ENDOCRINE SYSTEM AND HORMONES

By definition, a hormone is a signaling molecule that regulates
and coordinates physiologic and metabolic functions by acting
on receptors located on or in target tissues (Dickson, 1970;
Willmore and Costill, 1994). These chemical messengers
can be endocrine, if the target tissues are remote from the
secreting organ; paracrine, if the hormone is acting locally; or
autocrine, if the hormone is acting on the tissue or cell it was
secreted from.

Most hormones fall into two major categories: (1) the
steroid hormones and (2) the amine or peptide hormones.
Steroid hormones include cortisol, aldosterone, and the repro-
ductive hormones, testosterone, estrogen, progesterone. Steroid
hormones have a classic ring structure and are lipid soluble,
a characteristic that allows them to diffuse across cell mem-
branes. Mechanistically, steroid hormones exert their effect
through direct gene activation that occurs after diffusion into
the cell (Figure 7-1). Once across the cell membrane, they bind
to receptors in either the cytoplasm or in the nucleus. The com-
plex formed by the steroid hormone and receptor induces the
deoxyribonucleic acid (DNA) in the cell to produce messenger
ribonucleic acid (mRNA), which, when it enters the cytoplasm,
is transcribed, resulting in the production of proteins. The
resultant protein (e.g., enzymes) leads to the physiologic action
of the hormone on cellular function (Dickson, 1970; Willmore
and Costill, 1994).

The amine/peptide hormones are hydrophilic rather than
lipophilic and, thus, cannot pass through the cell membrane.
Instead, these hormones bind in a lock and key fashion to
very specific receptors on the surface of the cell membrane
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A The steroid hormone
enters a cell

E The mRNA directs
protein synthesis
in the cytoplasm

D The mRNA leaves
the nucleus

Cell membrane

B The hormone binds to a
specific receptor in the
cytoplasm or in the nucleus

Nucleus

C The hormone-receptor
complex activates the cell’s
DNA, which forms mRNA

FIGURE 7-1 Gene activation mechanism associated with the action of a steroidal hormone. (Adapted
from Willmore JH, Costill DL: Hormonal regulation of exercise. In Willmore, JH, Costill DL, editors: Physiology
of sport and exercise: human kinetics, Champaign, IL, 1994, p 122.)

and serve as first messengers (Figure 7-2). The hormone-
receptor complex remains in the membrane but is still able to
activate the enzyme adenylate cyclase within the cytoplasm of
the cell. Activation starts a cascade that results in the active
formation of the enzyme cyclic 3’, 5 adenosine monophos-
phate (cAMP) through the combination of adenylate cyclase
and ATP (Dickson, 1970; Willmore and Costill, 1994). The
enzyme cAMP serves as a second messenger and activates
specific inactive protein kinases, which cause the conversion
of inactive substrates into active substrates that have the capa-
bility to induce changes in cellular form or cellular function
(Dickson, 1970; Willmore and Costill, 1994).

With the exception of the feedforward type of secretion of
some hormones in immediate response to an emergency or
stressor (i.e., onset of intense exercise), release of most hor-
mones is part of a controlled negative feedback system that
keeps a specific variable within narrow limits (Figure 7-3).
The typical negative feedback system is composed of a vari-
able that has an input or set point that is read or sensed by an
integrator. For the system to be in a state of balance or homeo-
stasis, the input and output signals must be the same. If the
input variable is changed by a disturbance such as exercise,
the integrator senses the mismatch and sends an error signal,

usually via nerves, to the controller. The controller then alters
the system via an effector. In many cases, the effector is a
nervous signal. However, in some cases, the effector is another
hormone. The effector causes a change in the controlled
system, at which point a feedback sensor sends a signal to the
integrator, which then determines if the input matches the
output of the system. The more rapid responses used to main-
tain homeostasis are usually mediated by a neural control
mechanism, with the less rapid responses usually mediated by
endocrine mechanisms.

As an example of the complexity of systemic control, main-
tenance of mean arterial pressure (MAP) around a narrow set
point is critical to cardiovascular performance (Rowell, 1993).
Multiple systems are controlled to ensure that MAP is suffi-
cient to allow perfusion of all the working muscles as well as
obligate tissues during exercise. At the onset of exercise, there
is a decrease in total peripheral resistance (TPR) that results
from the opening of blood vessels in the working muscles,
which allows for the increase in blood flow to those vascular
beds. However, there is an almost simultaneous increase in
cardiac output (McKeever, 2002; Rowell, 1993). This rapid
increase in central cardiac function comes about through the
matching of the input and output signals sensed by volume

A Nonsteroid hormones can’t pass

through the cell membrane

D The adenylate cyclase
forms cAMP

B The hormone binds to
a specific receptor on
the cell membrane

C The hormone-receptor
complex activates
adenylate cyclase
within the cell

kinases
(inactive)

Cell membrane

Protein kinases
(active)

Substrate
(inactive)

E The cAMP activates protein
kinases (enzymes) that lead
to cellular changes and
hormonal effects

Nucleus

FIGURE 7-2 Second messenger mechanism associated with the action of nonsteroidal hormones.
(Adapted from Willmore JH, Costill DL: Hormonal regulation of exercise. In Willmore, JH, Costill DL, editors:
Physiology of sport and exercise: human kinetics, Champaign, IL, 1994, p 122.)
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FIGURE 7-3 Components of a controlled negative feedback system.

and baroreceptors placed at strategic points in the cardiovas-
cular system. Matching of the input and output signals
(see Figure 7-3) by the vasomotor center of the medulla
(the integrator) results in an error signal via the autonomic
nervous system (the controller). A simultaneous withdrawal
of vagal tone and increase in sympathetic drive results in
the local release of norepinephrine (effector), which causes
a rapid increase in heart rate and force of contraction that
increase cardiac output (the controlled system) enough to
maintain MAP. Higher-intensity exercise usually requires more
dramatic responses, including a decrease in blood flow to
nonobligate tissues such as the splanchnic vascular beds. The
initial part of this response is mediated by neural mechanisms
affecting the arterioles in those vascular beds. However,
higher—intensity exercise also requires the added influence
of endocrine effectors such as vasopressin and angiotensin 11
to cause sufficient vasoconstriction in nonobligate tissues to
facilitate the rise in MAP needed for optimal cardiovascular
function. Longer-term control of MAP can be affected by the
duration of exercise which results in multiple strategies to
control blood volume, defend cardiac filling pressure, cardiac
output, and MAP (McKeever, 2002; Rowell, 1993).

MAJOR ENDOCRINE GLANDS AND HORMONES
PITUITARY GLAND

The pituitary, often referred to as the “master gland,” is found
at the base of the brain and is divided into three lobes: (1) the
anterior, (2) the intermediate, and (3) the posterior. Hormones
of importance during exercise are produced and released by
the anterior and posterior lobes. The pituitary is linked to the
hypothalamus, an area of the brain with many very specific
neural tracts that act as feedback sensors. The hypothalamus
also acts as the integrator in the system exerting control over
the pituitary through neural and endocrine mechanisms. The
endocrine mechanisms include various releasing hormones,
inhibitory hormones, and other biochemical substances. The
central location of this hypothalamic—pituitary axis makes it
ideal for centrally mediating the control of a wide variety of
functions. For example, the hypothalamic—pituitary—adrenal
axis (HPAA) is intricately involved in the stress response, fuel
mobilization, and adaptation to exercise. The hypothalamic—
pituitary—gonadal axis (HPGA) directly controls hormones in
males and females linked to hypertrophy, macronutrient stor-
age and mobilization, and reproductive status (Dickson, 1970;
Willmore and Costill, 1994).

Anterior Pituitary Hormones

Hormones produced by the anterior lobe of the pituitary in-
clude growth hormone or somatotropin (GH, ST), thyrotropin

(thyroid—stimulating hormone, or TSH), adrenocorticotropin
(ACTH), endorphins (EN), enkephalins, dynorphins, follicle—
stimulating hormone (FSH), luteinizing hormone (LH), and
prolactin (Dickson, 1970; Willmore and Costill, 1994). The
first three play an important role in growth and development in
the young animal and in metabolism in the adult animal. The
endorphins, enkephalins, and dynorphins are opiate-like pep-
tide hormones that modulate analgesia and immune function
and interact with the neural pathways of the hypothalamic—
pituitary axis to influence releasing and inhibiting hormones
(McLaren et al., 1989; Mehl et al., 2000). FSH, LH, and pro-
lactin are considered hormones essential for normal reproduc-
tion and lactation. Research in species other than horses has
demonstrated that severe or prolonged exertion can alter their
release and, thus, normal reproductive cycles (Dickson, 1970;
Willmore and Costill, 1994). Furthermore, prolactin appears
to play an important role in the response to severe stress, inter-
acting with many of the metabolic hormones. Though FSH and
LH are technically anterior pituitary hormones, their function
will be discussed later in the chapter in relation to the gonadal
hormones which they influence.

Growth Hormone

GH affects all the cells in the body stimulating development
and growth in younger animals. In mature animals, GH plays a
vital role in muscle metabolism through its effects on protein
synthesis and its role in fat and carbohydrate utilization
(Dickson, 1970; Willmore and Costill, 1994). The importance
of GH in maintenance of normal physiologic function and its
possible role in slowing, or possibly even reversing, the effects
of aging can be seen in some younger adult humans, where GH
deficiency results in changes in appearance, decreased lean
body mass, impaired immune function, and other “sequelae” of
aging. Treatment of these individuals with recombinant human
GH (hGH) results in increased lean body mass, decreased body
fat, and increased muscle mass (Murray et al., 2001; Yarasheski,
1994). Chronic hGH administration also appears to increase
strength and the ability to perform a battery of weight-lifting
exercises in older male humans. These effects have led to
increased doping with hGH in human athletes, partly because
of improved repair and recovery as well as lack of valid tests
for exogenous hGH until recently. Although there have been
no reported effects of GH on aerobic capacity, the increase
in muscle mass and strength have been shown to benefit the
quality of life in humans by increasing the ability to do daily
tasks such as maintaining balance while walking and climbing
stairs. Those human experiments served as part of the justifica-
tion for several recent studies of the efficacy of recombinant
GH treatment in preventing or retarding functional decline in
geriatric humans (Murray et al., 2001; Yarasheski, 1994) and in
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geriatric horses (Horohov et al., 1999; Malinowski et al., 1997,
McKeever et al., 1997).

Researchers conducting equine studies have asked “quality
of life” questions similar to those posed in experiments using
older humans. Those studies demonstrated that GH therapy
increases nitrogen retention and improves appearance in
geriatric horses, but they did not demonstrate any effect of
chronic GH administration on body weight or the dimensions
of several key muscles measured using ultrasonography
(Malinowski et al., 1997). Functionally, chronic GH adminis-
tration did not alter aerobic capacity or several commonly
used indices of exercise performance, at least not in unfit old
mares (McKeever et al., 1997). Furthermore, data from unfit
geriatric horses indicated that exogenous GH did not alter
lactate tolerance or cause an increase in maximal power that
one would associate with an increase in muscular strength,
which is a logical observation, since there was no evidence
of an increase in muscle mass (McKeever et al., 1997). It is
possible that the lack of significant findings in the horse may
be due to insufficient dosage of GH, as was common in many
of the early studies on GH and anabolic steroids in humans.
Interestingly, studies of geriatric male humans have shown that
recombinant GH therapy results in increased muscle mass
and, in some cases, increased strength as measured in stand-
ardized tests performed with weightlifting equipment. How-
ever, although GH therapy does appear to increase strength in
humans, there are no data to show that GH therapy alters
maximal aerobic capacity or enhances endurance performance
(Murray et al., 2001; Yarasheski, 1994).

Some studies of younger horses have demonstrated that
administration of GH prevents some of the bone demineral-
ization that occurs in the first months of intense training.
Other studies found that there was minimal or no therapeutic
benefit of administering GH to prevent tendon or cartilage
injuries or to promote wound healing (Gerard et al., 2001,
Gerard et al., 2002). It has also been demonstrated that GH
does not alter aerobic capacity or markers of performance in
young (~2 yr) Thoroughbreds (Gerard et al., 2001; Gerard
et al., 2002). However, as with the studies of older horses, the
experiments performed on younger animals had no way to
evaluate the effects of GH administration on muscular
strength. Data are clearly needed to determine if GH alters
strength and power, with particular attention also paid to
dose-response issues.

Thyrotropin

Release of TSH is stimulated by thyroid-releasing hormone
(TRH), which is produced in the hypothalamus (Dickson,
1970; Willmore and Costill, 1994). Studies of humans and
other species have demonstrated that acute exercise elicits
mixed effects on TSH release. The release of TSH appears to be
linked to exercise intensity, as mild and moderate exertions do
not appear to have an effect on TSH release. However, there
appears to be a threshold for stimulating TSH release, as plasma
concentrations of this hormone increase with work intensity
only when exercise intensity exceeds 50% of maximal oxygen
uptake (VOjpa) in humans. This breakpoint is common to
several hormonal systems, including the observed increases
in catecholamines, adrenocorticotropic hormone (ACTH), cor-
tisol, plasma renin activity (PRA), etc. (Freund et al., 1991;
Jimenez et al., 1993; Nagata et al., 1999). Interestingly, exercise
duration beyond 40 minutes appears to also cause an increase

in TSH. This observed increase during longer steady-state exer-
tion is similar to the response of other metabolic hormones
and may be related to substrate mobilization and attempts to
prevent the onset of central fatigue mechanisms. Data on the
effects of acute exercise and training on TSH in equine athletes
are lacking.

Adrenocorticotropic Hormone

The release of ACTH is stimulated by corticotropin-releasing
hormone (CRH), which is secreted by the hypothalamus
(Dickson, 1970; Willmore and Costill, 1994). A number of
published papers have demonstrated that exercise causes an
increase in ACTH in the horse; however, most of those only
report postexercise, rather than during-exercise, values (Elsaesser
etal., 2001; McCarthy et al., 1991). The major conclusion of most
exercise studies has been that both high-intensity and long-
duration endurance exercises cause an increase in ACTH and
subsequent increase in cortisol. If one looks at the role of ACTH
and glucocorticoids in substrate mobilization and utilization
during exertion, it is apparent that the ACTH or cortisol
response is an appropriate and adaptive response to physical
exertion, which itself is a stressor (Elsaesser et al., 2001;
McCarthy et al., 1991; Caloni et al., 1999). In fact, mobilization
of the “stress response” provides for remarkable regulation of
homeostasis. As the intensity of exercise increases (and, hence,
the threat to homeostasis increases), the activation of the HPAA
exponentially increases to handle the stress of exercise (Nagata
et al., 1999).

The ACTH response appears to be highly correlated to the
catecholamine and lactate responses to incremental exercise,
all of which also increased in a curvilinear fashion (Nagata
et al., 1999). When horses were exercised at 80% or 110%
VOomax, the ACTH response was rapid, and concentrations
increased in a linear fashion until the end of the exercise test
(Nagata et al., 1999). Postexercise concentrations fell rapidly,
returning to baseline within 60 to 120 minutes (Nagata et al.,
1999). These responses are similar to those reported for
humans and other species (Nagata et al., 1999; Willmore and
Costill, 1994). With chronic exposure to a stressor, as would
happen during overtraining, regulation of the HPAA is
challenging, as exhaustion may result from the increased
allostatic load.

Endorphins, Enkephalins, and Dynorphins

These peptides are released from the pituitary in response to
stress, pain, or pleasure. Although some classify these sub-
stances as hormones, others classify them as neurotransmitters
(McLaren et al., 1989; Mehl et al., 2000). Nevertheless, these
substances are naturally occurring opiat-like analgesics primar-
ily derived from the pre—prohormone proopiomelanocortin
(POMC) that may allow a horse to tolerate higher-intensity
exercise (Art et al., 1994; Caloni et al., 1999; Li and Chen,
1987; McCarthy et al., 1991; McLaren et al., 1989; Mehl et al.,
2000). The endorphins, enkephalins, and dynorphins play
a role in the response to physiologic and psychological stress
and appear to modulate pain perception as well as immune
responses (McLaren et al., 1989; Mehl et al., 2000). Given that
an overload of duration, intensity, or resistance is needed for
exercise training to elicit an adaptive response, the endorphins
may play an important role in allowing a horse to better tolerate
the progressive increases in exercise intensities or longer
durations needed to improve fitness and performance. Mehl
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and coworkers (McLaren et al., 1989; Mehl et al., 2000) have
demonstrated that a threshold exists for evoking an increase
in plasma beta (3)-endorphin concentration. This threshold
appears to correspond to approximately 60% Vo, Interest-
ingly, this is the same point where one sees a curvilinear
increase in the catecholamines, plasma renin activity, plasma
lactate concentration, and several other variables. This suggests
a close interplay between these factors in the transition from
low-intensity and primarily aerobic exercise to higher-intensity
exercise with an increasing anaerobic component (Convertino
et al., 1983; Freund et al., 1991; Jimenez et al., 1993; Nagata
et al,, 1999). Duration of exercise also appears to affect
the magnitude of the endorphin response with greater plasma
concentrations as horses approach fatigue (McLaren et al.,
1989; Mehl et al., 2000). Training appears to alter the endor-
phin response to acute exertion with greater plasma concen-
trations observed in the postexertion peak occurring between
5 and 10 minutes after exertion (Malinowski et al., 2003).

Posterior Pituitary Hormones

Hormones released from the posterior lobe of the pituitary,
which technically comprises neural tissue rather than glandu-
lar tissue, include arginine vasopressin (AVP) and oxytocin.
These two protein hormones are actually produced in the
hypothalamus by specialized bundles of nerves (Dickson,
1970; Willmore and Costill, 1994). Arginine vasopressin is
synthesized in cells of supraoptic and paraventricular nuclei
and stored in vesicles in the nerve endings located in the
posterior pituitary. Oxytocin causes smooth muscle contrac-
tion in the epididymis of males and the uterus of females, and
it also acts on mammary tissue causing milk let-down in
lactating mares. However, oxytocin’s role in the response to
exercise is unclear.

Arginine Vasopressin

Arginine vasopressin (AVP), also known as antidiuretic hormone
(ADH), is associated with acute as well as chronic defense of
blood pressure, plasma volume, and fluid and electrolyte balance
(Dickson, 1970; McKeever, 2002; McKeever and Hinchcliff,
1995; Wade, 1984; Zambraski, 1990). The physiologic actions of
AVP include vasoconstriction and decreased free water clearance
(McKeever and Hinchcliff, 1995; Wade, 1984; Willmore and
Costill, 1994; Zambraski, 1990). AVP also plays a major role in
the short-term and long-term control of cardiovascular function
during and following exercise (Dickson, 1970; Willmore and
Costill, 1994). Additionally, AVP is a critical stress hormone and
serves as a secretagogue of ACTH. In fact, during acute exercise
and in response to other noxious acute stressors (i.e., surgery,
shock), AVP appears to be an even more potent stimulus for
ACTH secretion than is CRH (Schmidtt et al., 1996).

The mechanism for the release of AVP primarily involves
osmoreceptors in the supraoptic and paraventricular nuclei of
the hypothalamus and cardiopulmonary baroreceptors in the
atria of the heart (Dickson, 1970; McKeever and Hinchcliff,
1995; Wade, 1984; Zambraski, 1990). Data from rats and
other species have shown that a very small 1% to 2% decrease
in cell volume in the hypothalamus or change in extracellular
osmolality of 2 to 4 milliosmole per kilogram (mOsm/kg) will
stimulate secretion of AVP and intake of water (Wade, 1984).
Exercise causes an increase in plasma AVP that is correlated
with both duration and intensity (Convertino, 1991; Convertino
et al., 1983; Wade, 1984). Comparative data show that AVP is
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secreted during exercise in concentrations well above the
threshold level associated with its antidiuretic effects, suggest-
ing that its extrarenal actions are more important during acute
exercise (McKeever and Hinchcliff, 1995; McKeever et al.,
1991a; McKeever et al., 1993; McKeever et al., 1991; McKeever
et al., 1992b; Wade, 1984). Extrarenal actions include AVPs
action as a powerful vasoconstrictor, an ACTH stimulus, and
an important component in the control of blood pressure
during exercise and its action on splenic blood vessels to pre-
vent resequestration of the splenic reserve in the horse
(Davies and Withrington, 1973; McKeever and Hinchcliff,
1995). Interestingly, some studies suggest that drinking water,
especially cold hypotonic water, during exercise may suppress
AVP and thirst, leading to dehydration (Zambraski, 1990).
However, sustained elevations in AVP stimulate thirst and
drinking water after exercise, cause a decrease in free water
clearance by the kidneys, and may influence the uptake of
sodium and water from the colon (McKeever and Hinchcliff,
1995; Zambraski, 1990).

In exercising horses, plasma AVP concentration was recently
reported to increase from approximately 4.0 picogram per
milliliter (pg/mL) at rest to about 95 pg/mL at a speed of
10 meters per second (m/s). It was also reported that the rela-
tionship between AVP concentration and exercise intensity was
curvilinear and did not plateau at speeds producing maximal
heart rate (McKeever et al., 1992b). Another paper reported
that AVP increases during steady-state submaximal exercise in
horses without a change in free water clearance (McKeever
et al., 1991a). However, the increase does not become signifi-
cant until between 20 and 40 minutes of exertion (McKeever
et al., 1991a). Two possible explanations have been given for
the delay in AVP secretion in submaximally exercised horses
(McKeever et al., 1991a). First, there appears to be a suppres-
sion of AVP secretion due to the volume overload sensed by the
neural pathways associated with the atrial baroreceptors and
the hypothalamus (McKeever and Hinchcliff, 1995; McKeever
et al., 1991a). Second, AVP release is inhibited by the increase
in atrial natriuretic peptide (ANP) concentrations at the begin-
ning of exercise (McKeever and Hinchcliff, 1995; McKeever
et al., 1991). Nevertheless, an increase in AVP concentration
has been seen with prolonged exercise that appears to be related
to sweat losses and decreases in body water that altered plasma
osmolality and blood pressure (McKeever and Hinchcliff, 1995;
McKeever et al., 1991; McKeever et al., 1992b). Studies of
humans have demonstrated that training alters the slope of
the AVP response to acute exercise, suggesting a change in
the sensitivity to the exercise challenge (Freund et al., 1991;
Convertino et al., 1983; Convertino, 1991). No studies on the
effect of training on the AVP response to acute exertion in the
horse have been published.

THYROID

The thyroid is located in the neck close to the larynx region. It
plays a major role in the control of the basal metabolic rate,
which has led some to refer to it as the “bodys thermostat”
(Dickson, 1970; Willmore and Costill, 1994). The two iodine—
containing hormones produced by the thyroid, triiodothyronine
(T3) and thyroxine (T4), act on all cells in the body affecting
metabolic rate and, subsequently, energy metabolism. The cells
of the thyroid have three major actions when it comes to the
synthesis and secretion of T3 and T4: (1) collection and trans-
port of iodine, (2) synthesis and secretion of the glycoprotein
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thyroglobulin into the intracellular colloid, and (3) removal of
T3 and T4 from thyroglobulin and secretion into the blood-
stream. Thyroid hormones circulate in plasma in both a free form
and a protein-bound form, with the bound form accounting for
99.98% of the circulating hormone and the unbound form being
the active hormone able to influence cellular metabolism. The
thyroid also produces calcitonin, an important hormone in the
control of calcium metabolism with potent effects on bone
mineral density (Dickson, 1970; Willmore and Costill, 1994).

Triiodothyronine and Thyroxine

The release of these hormones is stimulated by TSH which, as
previously mentioned, is released during exercise. As with TSH,
the release of T3 and T4 is associated both with the intensity
and duration of exercise in humans and horses (Gonzalez et al.,
1998; Willmore and Costill, 1994). Irvine (1967) demonstrated
that training increases both the secretion rate of T3 and T4 by
approximately 65%. This would indirectly support the sugges-
tion that TSH, which increases with training in humans
and other species, is also increased with training in the horse.
Training also increases the turnover rate of the thyroid
hormones, though not necessarily in a clinically relevant man-
ner that would suggest hyperthyroid function (Willmore and
Costill, 1994).

Calcitonin

In addition to its control of metabolic rate, the thyroid is vital
to calcium homeostasis. For this function, the thyroid synthe-
sizes and produces calcitonin (Dickson, 1970; Willmore and
Costill, 1994). Calcitonin plays a role in calcium homeostasis
either by inhibiting osteoclast activity in bone or through its
action on the kidney tubules to cause an increase in calcium
loss by actively inhibiting tubular reabsorption. New bone is
formed by osteoblasts and reabsorbed by osteoclasts. In young
growing horses, both osteoclasts and osteoblasts are active;
however, the activity of osteoblasts outpaces the activity of
osteoclasts, allowing for bone growth and development
(Dickson, 1970). To this end, calcitonin appears to be more
important in the young growing animal through its inhibitory
action on the osteoclasts. Calcitonin is also important in the
healing of fractures (Dickson, 1970). Chiba and coworkers
(Chiba et al., 2000) documented substantially elevated plasma
calcitonin concentrations in racehorses with various fractures.
Studies have also demonstrated that there is a period of bone
demineralization in young Thoroughbreds in the first few
months of training. Growing and adult humans who exercise
regularly have increased bone density (Willmore and Costill,
1994). Although a great deal of work has examined markers of
bone turnover, more data are needed to determine if acute and
chronic exertion affect plasma calcitonin concentrations
(Chiba et al., 2000; Geor et al., 1995; Murray et al., 2001).

PARATHYROID GLAND

The parathyroid glands, which are located close to the thy-
roid gland, regulate calcium homeostasis by synthesizing and
secreting parathyroid hormone or parathormone (PTH) in
response to a change in plasma calcium (Ca*") concentra-
tion (Dickson, 1970; Willmore and Costill, 1994). PTH has
receptors in the intestinal tract, in the osteoclasts in bones,
and the tubules of the kidneys. The action of PTH to stimu-
late osteoclast activity is antagonistic to calcitonin’s inhibi-
tory action. The resultant effect is a net bone reabsorption

and the release of calcium and phosphate into the blood-
stream. Actions on bone are relatively slower compared with
PTH’s ability to alter both the uptake and excretion sides of
the homeostatic balance equation by acting on the intestine
and the kidney tubule (Dickson, 1970). PTH has a profound
ability to enhance the enzymatic pathway that mediates
increases in intestinal absorption of calcium and phosphate
(Dickson, 1970; Willmore and Costill, 1994). At the same
time, PTH can act on the kidney tubules where it enhances
calcium reabsorption and phosphate excretion (Dickson,
1970; Willmore and Costill, 1994).

As with calcitonin, most equine research has focused on
effects of repeated exercise on markers of bone turnover
(Chiba et al., 2000; Geor et al., 1995; Murray et al., 2001). It
is well recognized that nutritional influences can alter calcium
and phosphate balance and bone metabolism. Thus, more
work is needed to determine if exercise intensity, duration, or
both are factors affecting PTH concentrations. Furthermore,
data are needed to determine if exercise alters synthesis and
secretion rates, receptor numbers and sensitivity, and general
interplay of PTH and calcitonin in bone metabolism.

ADRENALS

The adrenal glands are multilayered organs that sit atop the
kidneys. Functionally, the primary layers are the adrenal me-
dulla and the adrenal cortex (Dickson, 1970). The medullary
portion of the adrenal produces the catecholamines, epineph-
rine (E), and norepinephrine (NE), which have the potential to
affect most cells in the body (Dickson, 1970; Willmore and
Costill, 1994). In general, E potentiates the response to exercise
causing profound effects on central cardiovascular and respira-
tory function. It can cause increases in muscle blood flow and
can mobilize glycogen and free fatty acids to fuel exertion. The
adrenal cortex contains three specialized zones: (1) the zona
glomerulosa, (2) the zona fasciculata, and (3) the zona reticu-
laris. The cortex produces a multitude of steroid hormones that
fall into three major categories: (1) the mineralocorticoids
(aldosterone), (2) the glucocorticoids (cortisol), and (3) the
onadocorticoids (androgens and estrogens) (Dickson, 1970;
Willmore and Costill, 1994).

Hormones Produced by the Adrenal Medulla
(Catecholamines)

The release of the catecholamines has its origin in the fight-
or-flight response. This “stress” response involves the local
release of NE from the sympathetic nerve endings (acting as
a neurotransmitter) and a systemic release of E and NE from
the adrenal medulla. Receptors for the catecholamines
are specialized and are divided into two primary categories,
referred to as alpha (a)- and beta (8)-adrenergic receptors.
These two major categories are divided into subcategories,
namely, o), &, By, B2, and B; receptors (McKeever, 1993).
Sympathetic nervous activity increases with intensity and
duration of exercise, but notable changes in plasma catechol-
amine concentrations are not always apparent below 50% of
maximal aerobic capacity (McKeever, 1993). Plasma catechol-
amine levels increase in a curvilinear fashion with increasing
exercise intensity and are highly correlated with plasma lactate
concentrations (Gonzalez et al., 1998; Jimenez et al., 1993;
Nagata et al., 1999). The measurable increase appears to coin-
cide with the intensity at which one would expect complete
parasympathetic withdrawal (Freund et al., 1991; Jimenez et al.,
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1993; Nagata et al., 1999). These increases in the catechol-
amines, particularly E, enhance the increase in heart rate
(a chronotropic effect), force of cardiac contraction (an inotro-
pic effect), and cardiac output (McKeever, 1993; McKeever and
Hinchcliff, 1995). The catecholamines also play a role inducing
splenic contraction and the delivery of 6 to 12 liters (L) of blood
into the central circulation at the onset of exercise in horses
(McKeever, 1993; Persson, 1967). Even with this mobilization
of reserve blood volume, the demands of exercise may exceed
central cardiovascular capacity in the horse. Thus, during high-
intensity exercise or long-duration exercise, the catecholamines
contribute to the vasoconstriction that decreases blood flow to
nonobligate tissues (McKeever, 1993; McKeever and Hinchcliff,
1995; Rowell, 1993).

The catecholamines are also linked with the respiratory
response to exercise (Jimenez et al., 1993; McKeever, 1993;
McKeever and Hinchcliff, 1995; Plummer et al., 1991; Sexton
and Erickson, 1986; Snow and Rose, 1981). At the onset of
exercise the (3,-adrenergic receptor action relaxes tracheal
and bronchial smooth muscle, increasing airway diameter,
decreasing airway resistance, and, thus, facilitating movement
of greater amounts of air into and out of the lungs. Although
the sympathetic system is not directly responsible for the con-
trol of ventilation during exercise, the increase in ventilatory
drive associated with activation of the motor cortex can be
enhanced during exercise by catecholamine secretion and
augmentation of the sensitivity of chemoreceptors in the
carotid bodies. During high-intensity exercise, ventilation
may be further affected by catecholamine release as part of the
stress response (McKeever, 1993).

The catecholamines also have major effects on metabolic
pathways associated with substrate utilization during exercise
(McKeever, 1993; Willmore and Costill, 1994). Increases in
sympathetic activity result in an increase in hormone-sensitive
lipase and, subsequently, an increase in circulating free fatty
acids. Exercise-induced and anticipatory secretion of cate-
cholamines also cause an increase in glycogen breakdown
resulting in increased glucose availability. It has been sug-
gested that one way that warmup exercises benefit the athlete
is through activation of these metabolic pathways, which
allows for elevated blood concentrations of glucose and free
fatty acids prior to race-induced increases in utilization, thus
facilitating delivery of substrate to tissues without a significant
lag time (McKeever, 1993; Willmore and Costill, 1994).

The above-mentioned responses have been well docu-
mented during acute exercise. Recent data also suggest that
exercise training alters adrenergic receptor numbers and sensi-
tivity in selected tissues. For example, (-adrenergic receptor
numbers are unchanged in cardiac muscle with training,
whereas a-adrenergic and muscarinic receptor numbers are
reduced. Both B-adrenergic receptor numbers and sensitivity
are increased in skeletal muscle and in vascular and bronchial
smooth muscle (McKeever, 1993; Willmore and Costill, 1994).
Changes in receptor number and sensitivity with training may
be important with respect to adjustment of drug doses for the
animal that has been trained extensively versus an animal that
is at the beginning of a training program or one that is being
reconditioned following removal from training (McKeever,
1993; Willmore and Costill, 1994).

Primary Hormones Produced by the Adrenal Cortex

Some sources suggest that more than 30 structurally distinct
steroid hormones are secreted by the adrenal cortex. Secretion
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of the mineralocorticoid aldosterone and the glucocorti-
coid cortisol is, however, the most important to the physio-
logic response to exercise (Dickson, 1970; Willmore and
Costill, 1994).

Aldosterone

Aldosterone plays an important role in electrolyte homeostasis,
particularly sodium and potassium balance (Dickson, 1970;
McKeever, 1998; McKeever and Hinchcliff, 1995; Willmore and
Costill, 1994). It is well recognized that aldosterone acts on the
kidneys to enhance sodium (and chloride) reabsorption and
potassium excretion. Aldosterone also acts on the intestines to
facilitate the uptake of electrolytes and water. Aldosterone
release can be stimulated by decreases in plasma [Na*] or
by increases in plasma [H*], plasma [K"], plasma ACTH, by
increased renin (McKeever and Hinchcliff, 1995; McKeever,
1998), or by both. However, the most potent of these stimuli is
an increase in plasma [K*] (McKeever, 1998; McKeever and
Hinchcliff, 1995). Studies of horses have attempted to identify
factors that may stimulate the release of aldosterone during
exercise (Cooley et al., 1994; McKeever et al., 1987; McKeever,
1998; McKeever et al., 1991a; McKeever et al., 1992b; McKeever
etal., 1997; ). In one study, plasma [Na*] was not significantly
affected by exercise and thus, a decrease in plasma [Na*] did not
appear to have been the primary stimulus for aldosterone release
(McKeever et al., 1991a). The primarily supported mechanism
for the release of aldosterone appears to be a proportional
increase in the plasma renin—-angiotensin—aldosterone cascade,
where an increase in renin results in the generation of angio-
tensin 1 and angiotensin II, with angiotensin II stimulating
the production and release of aldosterone (Costill et al., 1976;
Kosunen and Pakarinen, 1976; McKeever et al., 2000;
Zambraski, 1990).

The relationship between plasma aldosterone concentration
and exercise intensity has been reported in horses running on
a treadmill. Aldosterone increased from concentrations around
20 to 50 pg/mL at rest to almost 200 pg/mL at a speed of 10 m/s
(Kokkonen et al., 2002; McKeever et al., 1992b). A linear rela-
tionship was found between exercise intensity and aldosterone
concentration. However, unlike renin, aldosterone concentra-
tion did not reach a plateau at maximal heart rate (HRyax).
Another study found that during submaximal exercise, increases
in plasma aldosterone concentration paralleled changes in renin
but that the magnitude of the increase in renin (66%) was less
than the relative increase (709%) in aldosterone concentration
(McKeever et al., 1991a). The authors concluded that factors
other than renin also affected the release of aldosterone in the
horse (McKeever et al., 1991a). Of all the parameters reported,
a significant increase in plasma [K*] may have served as
the strongest stimulus for the release of aldosterone (McKeever
and Hinchcliff, 1995). An increase in plasma [K*] as small as
0.3 milliequivalent per liter (mEqg/L) can be sufficient to stimu-
late the secretion of aldosterone, independent of the renin—
angiotensin cascade, through the conversion of cholesterol to
pregnenolone or at a later step in the biosynthetic pathway
(McKeever and Hinchcliff, 1995). This is consistent with the
acute homeostatic requirements of the horse, since a major per-
turbation in electrolyte homeostasis observed during endurance
exertion was an increase in plasma [K'] and not a drop in
plasma [Na*] (McKeever et al., 1992b). As with humans, aldo-
sterone has a minimal role in the acute response to exercise in
horses. However, aldosterone concentration remains elevated for
hours after exercise and may affect the long—term reabsorption
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of sodium and water (Convertino, 1991; Hyyppa et al., 1996;
McKeever, et al., 2002b) by the kidneys and by the intestinal
tract (Bridges and Rummel, 1984; Kokkonen et al., 2002)

Cortisol

The major glucocorticoid secreted by the adrenal glands
is cortisol. However, some cortisone, corticosterone, and
deoxycorticosterone are also produced (Dickson, 1970;
Willmore and Costill, 1994). Cortisol, cortisone, and corti-
costerone can be found in a ratio of 16:8:0.5 in the plasma
of horses; therefore, most exercise studies have focused on
cortisol (Dickson, 1970). Cortisol undergoes diurnal varia-
tion, with peak levels found in the early morning between
06:00 and 10:00 and lowest levels found in the late evening
and overnight periods (Dickson, 1970; Willmore and Costill,
1994). Although glucocorticoids are typically, and correctly,
referred to as “stress” hormones, they are also released under
a multitude of normal situations not necessarily character-
ized as stressful. Thus, it is the appropriateness of their
release and the magnitude of their release that would indicate
whether a given physiologic or psychological disturbance
(or stressor) can be classified as a mere perturbation or a true
threat to homeostasis.

Release of cortisol allows an individual to tolerate and
adapt to challenges to homeostasis that occur in everyday
life. To this end, the functional effects of cortisol fall into two
major categories: (1) substrate mobilization and (2) immune
modulation (Dickson, 1970; Willmore and Costill, 1994).
During acute exercise, itself a distinct challenge to homeosta-
sis and a unique stressor, cortisol stimulates substrate mobi-
lization by enhancing gluconeogenesis, mobilizing free fatty
acids through lipolysis, and increasing the availability of
amino acids through protein degradation (Willmore and
Costill, 1994). At the same time, cortisol release decreases
glucose utilization by nonessential tissues to spare it for use
by the central nervous system (Willmore and Costill, 1994).
One could speculate that such an action could delay the on-
set of central fatigue that occurs during endurance exertion
when blood glucose concentrations drop (Farris et al., 1998;
McKeever, et al., 2002b). The increase in protein catabolism
results in amino acid availability as a source of energy when
glucose levels begin to drop. They are available after exercise
to repair tissues and for the synthesis of enzymes involved
in many cellular pathways. Cortisol's modulation of immune
function results from its actions as an antiinflammatory agent
and suppressor of immune reactions (Dickson, 1970; Willmore
and Costill, 1994).

Overall, these actions may be of significant benefit in
the response to training. Overload through increased exercise
intensity, resistance, or duration is necessary for training to
stimulate an adaptive response to exercise. The minor disrup-
tion of function and structure in the cells of muscles results in
protein accretion, substrate uptake and deposition, and other
beneficial remodeling that increases the functional capacity of
the cells. Cortisol’s suppression of immune function and anti-
inflammatory effects may actually provide a permissive envi-
ronment for tolerating the slight amount of “muscle damage”
needed for training-induced remodeling. In this context, it is
likely that cortisol serves as an important signal for cellular
and muscular repair following intense training. Though corti-
sol is a catabolic hormone, it would be incorrect to interpret
its acute secretion during exercise as an undesirable event if
optimal adaptations to training are desired. Instead, cortisol

clearance and recovery from the stressor may be the more
important physiologic occurrences.

Many studies have demonstrated that cortisol is increased
in the horse during a wide variety of exercise activities, from
racing, to polo, to endurance rides (Caloni et al., 1999; Crandell
et al.,, 1999; Horohov et al., 1999; Hyyppa, 2001; Snow
and MacKenzie, 1977; Snow and Rose, 1981). The release of
cortisol in the horse appears to be affected both by intensity
and duration of exercise (Snow and MacKenzie, 1977; Snow
and Rose, 1981). However, excessive increases in cortisol
concentrations following exertion can be a marker of too much
exercise. Prolonged cortisol recovery times as well as either
inappropriately high or low plasma concentrations of cortisol
may be a marker of overtraining in the horse. As mentioned
above, postexertion effects of cortisol may elicit a permissive
effect that is beneficial for training adaptation by preventing
the immune system from eliciting an inflammatory and
immune reaction to acute exercise (Horohov et al., 1999;
Toutain, et al., 1995). Several studies on horses have followed
cortisol levels for extended periods following exercise. Those
experiments demonstrated that exercise caused a sixfold
increase in adrenal cortisol secretion and a two- to three-fold
increase in plasma cortisol concentration. Urinary cortisol
concentrations also increased threefold with a return to base-
line levels by 10 hours after exertion (Toutain, et al., 1995).
The authors also noted a substantial increase in liver clearance
of cortisol.

Prior studies have suggested that peak postexercise cortisol
concentrations are reached earlier in trained horses and that
trained horses have a faster cortisol recovery time (Snow and
MacKenzie, 1977; Snow and Rose, 1981). On average, peak
cortisol levels were observed at about 30 minutes after exer-
tion. Much of this enhanced recovery would be dependent on
optimal training volume and rest to produce training adapta-
tions. Still, improved training status may improve the potential
to rapidly switch from a catabolic state to an anabolic state.

PANCREAS

The pancreas is a V—shaped organ that lies along the duode-
num. Structurally, most of the pancreas is composed of acini,
which function as exocrine cells secreting digestive enzymes
and bicarbonate into the small intestine via the pancreatic
duct. The endocrine function of the pancreas is mediated by
the cells of the islets of Langerhans. These specialized cells are
arranged as branching cords that are surrounded by a large
network or plexus of capillaries. The cells of the islets are
classified into three types: (1) the a-cells which produce
glucagon, (2) the B-cells which produce insulin, and (3) the
d-cells which produce somatostatin (Dickson, 1970; Willmore
and Costill, 1994). Of these hormones, the most important
during exercise are insulin and glucagon because of their
actions in the control of glucose metabolism.

Insulin

Insulin functions as part of the feedback system controlling
blood glucose concentration (Dickson, 1970; Willmore and
Costill, 1994). Insulin is primarily a glucose “storage” hor-
mone because it facilitates glucose uptake by the cells, pro-
motes glycogenesis, and inhibits gluconeogenesis (Dickson,
1970; Giraudet et al., 1994; Ralston, 1992; Willmore and
Costill, 1994). As such, it is arguably the most potent ana-
bolic hormone. At rest, insulin is the “key” that opens the
cellular door to allow uptake of glucose. However, during
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exercise, the working muscles take up glucose without insu-
lin. Thus, insulin is very important during the recovery from
exercise when glycogen repletion is most active (Dickson,
1970; Davie et al., 1994; Davie et al., 1999; De La Corte et al.,
1999; Willmore and Costill, 1994).

The insulin response to acute exercise has been well docu-
mented with the horse which, like humans and other species,
suppresses insulin during exercise (Duren et al., 1999; Geor
et al., 2000; Snow and Rose, 1981). This suppression appears
to have a threshold of 50% of VO,m., which coincides
with the increase in catecholamines seen during exercise
(McKeever, 2002). Mechanistic studies have demonstrated
the link between exercise-induced increases in sympathetic
drive, particularly due to epinephrine’s inhibitory effects on
insulin, and changes in insulin and glucagon secretion in the
horse (Geor et al., 2000). Functionally, this allows the animal
to increase gluconeogenesis to maintain blood glucose con-
centrations during exercise (Geor et al., 2000; Willmore and
Costill, 1994). Suppression of insulin and maintenance of
blood glucose concentration prevents the onset of central
mechanisms of fatigue (Farris et al., 1998; McLaren et al.,
1989). Much of the recent work on the insulin response
to exertion has centered on the composition and timing of
pre-exercise feeding (Crandell et al., 1999; Frape, 1988;
Hyyppa et al.,, 1999; Pagan and Harris, 1999; Poso and
Hyyppa, 1999). High-carbohydrate feeds are beneficial for
optimal muscle glycogen synthesis to fuel exercise. However,
the resultant increase in blood glucose seen after a horse eats
a high-carbohydrate ration usually evokes an increase in
insulin secretion. The goal of recent research has been to
prevent this feed-induced spike in insulin that would tend
to decrease blood glucose right before or during exercise
(Williams et al., 2001a). This phenomenon has often been
referred to as “rebound hypoglycemia” (Jentjens and Jeuken-
drup, 2002). Recent research in humans has suggested that
rebound hypoglycemia may be influenced by the timing of
carbohydrate intake and the intensity of the exercise but that
any hypoglycemic effects may have little, if any, impact on
performance (Moseley et al., 2003).

Glucagon

The functions of glucagon are in opposition to insulin in that it
stimulates gluconeogenesis and inhibits glycogenesis (Dickson,
1970; Willmore and Costill, 1994). Glucagon is one of many
hormones needed for substrate mobilization, and thus, it
increases during exercise in the horse (Giraudet et al., 1994).
As such, glucagon is important for maintaining glucose concen-
trations during exercise, a role that is especially important dur-
ing endurance activities, during which a drop in blood glucose
concentrations leads to the onset of central fatigue. Published
data from several studies have demonstrated that endurance
horses have an increase in glucagon. This increase in glucagon
is also altered by exercise intensity, and its release appears to
be under the influence of the increases in sympathetic drive
and the catecholamines (Geor et al., 2000). Training appears
to alter the sensitivity of the glucagon response to exercise,
enhancing the ability to mobilize glucose during exertion
(Willmore and Costill, 1994).

Other Pancreatic Hormones

Other hormones produced by the pancreas and associated
with both endocrine and exocrine pancreatic function may
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play an important role in modulating substrate disposition
during and after exercise. These hormones include pancreatic
polypeptide and somatostatin of pancreatic origin (Farrell,
1992). Though amylin and galanin are also produced in the
pancreas and can affect pancreatic function and influence
pathways involved in insulin regulation (Farrell, 1992) their
contributions and responses to exercise in the horse remain
relatively unknown.

Pancreatic Polypeptide

This hormone does not appear to affect insulin or glucagon
concentrations. However, comparative studies have suggested
that pancreatic polypeptide affects digestion (Farrell, 1992).
Hall and coworkers point out that pancreatic polypeptide
inhibits pancreatic exocrine function and bile secretion, an
observation that they considered appropriate for a horse
during long-term exercise when food intake would tend to be
minimal. Information regarding the effect of exercise on pan-
creatic polypeptide is minimal. However, Hall and coworkers
demonstrated that pancreatic polypeptide increases in the
horse with endurance exercise from concentrations averaging
20 picomoles per liter (pmol/L) at rest to levels as high as
102 pmol/L after an 80-km ride. Lower concentrations seen
after a 42-km race would suggest a dependence on duration,
which may be related to the degree of hypoglycemia seen in
the horses after exertion. These results are similar to those
seen in other species (Farrell, 1992). We are unaware of any
published studies that have examined the effect of exercise
intensity on pancreatic polypeptide in the horse.

Somatostatin

Though produced in the hypothalamus, the gastrointestinal
tract (see below), and the pancreas, there appear to be differ-
ent functions for this hormone, depending on the origin. For
example, it is well recognized that the somatostatin produced
in the hypothalamic region of the brain inhibits somatotropin
(i.e., GH) as well as thyrotropin release. However, somatosta-
tin of pancreatic origin is produced by the delta cells of the
pancreas and functions locally to alter pancreatic function as
well as regionally to possibly alter blood flow and also restrict
nutrient absorption. Hall and coworkers have suggested that
this fits with the well-documented reduction in splanchnic
blood flow that occurs during exercise. A small but significant
increase in somatostatin concentration has been demon-
strated during endurance exercise with no differences due
to duration (42 km versus 80 km). This is consistent with
studies of humans and other species (Farrell, 1992). Pub-
lished studies of the horse have not examined the effect of
exercise intensity on concentrations of somatostatin.

CIRCULATING GASTROINTESTINAL (“GUT”) HORMONES

Several other substances with endocrine and paracrine func-
tion are secreted by the digestive tract (Farrell, 1992). These
substances alter digestive function and, thus, may influence
digestion and the absorption of substrates during exercise
(Farrell, 1992).

Gastric Inhibitory Peptide

GIP is a 42-amino acid peptide that has a dual action:
(1) inhibiting gastric acid production and (2) stimulating in-
sulin secretion. Hall and coworkers reported that plasma GIP
concentrations were not altered during endurance exercise
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(42 km and 80 km). However, those results should be inter-
preted with caution as the authors had relatively low animal
numbers. The longer endurance competition resulted in
a nonsignificant decline in plasma GIP concentration from
approximately 75 pmol/L before exercise to about 50 pmol/L
after 80 km. The decline in GIP and its insulin secretagogue
action would be consistent with the substantial and signifi-
cant suppression of insulin concentrations reported in those
same horses, though there were likely other mechanisms also
influencing this effect.

Vasoactive Intestinal Polypeptide

VIP is a 28—amino acid peptide that serves as a neurotrans-
mitter and is secreted by nerve fibers in the gastrointestinal
tract. Multiple actions of VIP include vasodilation, stimulation
of glucagon secretion, and enhancement of the stimulation of
substrate release through lipolysis and hepatic glycogenolysis.
Endurance exercise has a pronounced effect on VIP secretion,
with increases in plasma concentrations that appear to be
affected by exercise duration. This coincides with the energy
substrate needs associated with prolonged exercise.

Gastrin

A 10-amino acid peptide, gastrin stimulates gastric acid secre-
tion and is affected by prior ingestion of food. Limited data are
available on the effects of exercise on the plasma concentration
of this hormone in the horse. However, Hall and coworkers
found that plasma concentrations of gastrin were not altered
by a 42-km endurance ride and that they were substantially
increased following a longer 80-km ride. One would presume
that the horses in the longer ride went for a longer time with-
out food intake; therefore, this increase in gastrin secretion
would seem unwarranted. However, one wonders if this para-
doxical increase contributes to excessive acid production and
gastric ulcer formation when food is withheld from a horse for
a long period.

Other Gastrointestinal Peptides with Endocrine
or Paracrine Actions

Most of the gastrointestinal peptides with endocrine or para-
crine actions have not been studied in the horse. However,
comparative studies have shown that they have localized
action within the gastrointestinal tract. Many of these sub-
stances have been characterized as neurotransmitters that act
on local tissues by altering membrane transport, stimulating
motility, and, in some cases, stimulating acid production
(Farrell, 1992). For example, gastrin-releasing peptide (also
referred to as bombesin) stimulates gastrointestinal motility
and the release of gastrin. Secretin and enteroglucagon both
inhibit acid secretion in the stomach (Farrell, 1992). Com-
parative studies have shown that an increase in both hormones
is seen in peripheral blood collected after exercise in humans
and dogs (Farrell, 1992). Motilin, a peptide that stimulates
motility of the gastrointestinal tract, has also been shown to
increase with exercise in humans. Comparatively, enkephalins
appear to have the opposite effect by decreasing motility. Other
peptides such as substance P, neuropeptide Y, and peptide
YY appear to alter gastrointestinal tract motility, but little
is known about changes during exercise. Interestingly, the
functional link between all the gastrointestinal tract hormones
appears to be their actions on motility and, possibly, transport
(Farrell, 1992). These actions may make them important in

the uptake of water, electrolytes, and energy substrates during
and after exercise.

HORMONES RELATED TO APPETITE AND ENERGY
BALANCE

Maintaining energy balance is crucial for the optimal health
and performance of exercising horses. The energy expended
during exercise directly affects energy homeostasis because the
horse has to increase energy intake to compensate both for
the energy lost during exercise and for the energy required
for the recovery and repair of tissues. Although the neuro-
endocrine control of energy balance has been studied exten-
sively in humans and rodents, it is really just beginning to
be examined in horses. Examples of some of the endocrine
mediators measured to better understand the control of energy
balance are the hormones leptin, adiponectin, ghrelin, and
cholecystokinin.

Leptin

Leptin is an adipocyte-derived hormone and a 16-kilodalton
(kD) protein product of the ob gene that acts as an indicator of
energy balance and a signal for satiety (Halaas et al., 1995;
Zhang et al., 1994; Zhang et al., 2002). Sensed levels of leptin
influence neural transmission in brain pathways, affecting food
intake and energy utilization (Schwartz et al., 2000). High
levels of leptin appear to favor increases in energy expenditure
while decreasing food intake, and vice versa (Schwartz et al.,
2000). Food intake is altered by leptin through its influence on
responsive neurons in the brain that either activate a feeding or
satiety system (Schwartz et al., 2000). The feeding or orexigenic
system contains neuropeptide Y, agouti-related protein, and
other hormones and neurons that signal an animal to increase
food intake. The satiety system, however, involves neurons
containing proopiomelanocortin (POMC) and o-melanocyte
stimulating hormone which decrease food intake (Saper et al.,
2002). Leptin increases energy expenditure by stimulating the
sympathetic nervous system’s effects on brown adipose tissue,
directly increasing the expression of uncoupling protein 1, and
by possibly increasing the expression of uncoupling protein
3 in muscle (Giacobino, 2002). Furthermore, leptin strongly
stimulates triglyceride and fatty acid cycling by increasing
lipolysis and fatty acid oxidation (Reidy and Weber, 2002).
Leptin is secreted in proportion to fat mass (Reidy and Weber,
2002), although humans who are obese seem to be “resistant”
to its weight-loss properties (Zhang et al., 1994; Hamilton
et al., 1995).

In horses, plasma leptin is correlated with percent fat mass
and body condition score (Buff et al., 2002; Kearns et al.,
2002). Leptin has also been found to have a seasonal variation
in both young and old mares, with plasma leptin levels increas-
ing in the summer and decreasing in the winter, in correlation
to body weight and percent fat mass (Fitzgerald and McManus,
2000). Furthermore, 24-hour fasting decreases plasma leptin
levels in young and mature mares (McManus and Fitzgerald,
2000). Interestingly, one study showed that serum concentra-
tions of leptin were higher in geldings and stallions versus
mares, which is incongruent with human literature, in which
females have been reported to have higher leptin levels than do
males, with differences not completely explained by the greater
percent fat mass in females (Buff et al., 2002; Saad et al., 1997).
In rats, research has demonstrated that male rats have higher
leptin concentrations in blood compared with female rats
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(Mulet et al., 2003). The reason for the discrepancy between
species is unclear.

With regard to exercise, there have been some interesting
findings in humans on how the type and duration of exercise
effect energy balance and leptin concentrations in blood. To
date, no such studies in horses have been published. In humans,
however, studies involving short-duration exercise (<60 min)
with varying intensities have generally shown no change in
leptin concentrations caused by exercise (Dirlewanger et al.,
1999; Weltman et al., 2000). Studies that have reported changes
in leptin concentration with short-duration exercise have gener-
ally attributed the changes to hemoconcentration or circadian
rhythm (Fisher et al., 2001; Kraemer et al., 1999a). It is possible
that short-duration acute exercise does not cause a sufficient
energy deficit to cause a disruption in long-term energy balance.
Also, the interaction between other hormones (e.g., cortisol,
insulin, glucose, epinephrine, and norepinephrine) that fluctu-
ate during exercise and have been found to either stimulate or
inhibit leptin secretion remains to be seen (Essig et al., 2000;
Fisher et al., 2001; McKeever, 2002).

Longer duration exercise (=60 min) of varying intensities
has been shown to decrease or cause no change in leptin con-
centrations (Leal-Cerro et al., 1998; Racette et al., 1997;
Torjman et al., 1999). Interestingly, studies showing reductions
in leptin increased sampling times for up to 48 hours after exer-
cise, with a reduction in the 24-hour mean and amplitude of the
circadian rhythm of leptin (Essig et al., 2000; Olive and Miller,
2001). It appears that long-duration exercise provides enough
of an energy deficit to decrease leptin levels, which, in turn,
will increase food intake to help maintain energy balance
(Karamouzis et al., 2002).

Training is another aspect of exercise that is of interest to
scientists studying leptin concentrations and energy balance.
Training regimens have had different effects, depending on
duration and intensity of exercise and subjects used. Overall,
training for less than 12 weeks generally causes no change in
leptin levels, although individuals with type II diabetes did
show a reduction in leptin concentrations after 6 weeks
of low-intensity walking and cycling, independent of body
composition changes (Halle et al., 1999; Houmard et al.,
2000). Training regimens for longer than 12 weeks can cause
a reduction in fat mass, which lowers leptin levels, and yet
some studies reported a reduction in leptin independent of fat
mass changes (Reseland et al., 2001). It is possible that these
changes may be dictated by alterations in leptin receptor sen-
sitivity. Additionally, it appears that females are more sensitive
to the training effect on leptin levels, with several studies
showing that only female subjects demonstrated lower leptin
concentrations in response to training (Hickey et al., 1997).
This may be one of the reasons that leptin has been associ-
ated with athletic amenorrhea in humans (Laughling and
Yen, 1997).

Leptin has several potential roles in terms of the health of
exercising horses. As a signal of energy homeostasis, leptin
concentrations in horses can help scientists to determine if a
horse is in positive or negative energy balance and can provide
supportive data regarding a horse’s body condition and percent
fat mass. Negative energy balance is detrimental to exercise
performance, reproductive status, and overall health (Saris,
2001). Furthermore, determining how exercise and training
affects leptin concentrations in horses will allow scientists to
better understand how horses regulate their energy balance so
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that training regimens and diets can be adjusted accordingly to
optimize the health of the athlete.

Adiponectin

Adiponectin is another hormone secreted from adipocytes,
with its role in metabolism related to the regulation of glucose,
insulin, and adipocyte metabolism (Berg et al., 2002). In con-
trast with leptin, adiponectin levels are decreased in obese and
insulin resistant humans and animals (Arita et al., 1999; Hotta
et al., 2000). With regard to exercise, adiponectin may have
a role in the increased insulin sensitivity seen as a result of
training in both humans and horses (Hayashi et al., 1997,
Malinowski et al., 2002). However, this is not always a consis-
tent finding, as at least one study of humans undergoing exer-
cise training found that plasma adiponectin concentrations
did not change relative to the increased insulin sensitivity
caused by training (Hulver et al., 2002).

In horses, adiponectin is negatively correlated with percent
fat mass in yearling fillies and mature mares (Kearns et al.,
2002). The study of adiponectin in horses is of importance as
it is likely related to the insulin resistance commonly seen in
older horses and horses with pituitary adenomas. Studies have
shown that older mares with impaired glucose tolerance were
able to improve their insulin sensitivity with 12 weeks of
training (Malinowski et al., 2002). It would be of interest to
determine if adiponectin has a role in this insulin-sensitizing
phenomenon.

Ghrelin

Another hormone involved in the control of appetite and
energy balance is ghrelin, a protein hormone secreted from the
stomach, which was first discovered as a potent growth hor-
mone secretagogue (Kojima et al., 1999). Ghrelin has received
most of its attention, though, due to its role in initiating food
intake in humans and rodents (Wren et al., 2001). In meal fed
animals, including humans, rodents, and sheep, ghrelin in-
creases before meal feeding in anticipation of the meal and will
also increase during times of fasting (Cummings et al., 2001,
Murakami et al., 2002; Sugino et al., 2002). In rats, ghrelin
stimulates gastric acid secretion in the stomach (Date et al.,
2001; Masuda et al., 2000). Few studies that examine the role
of ghrelin in relation to exercise in any species have been con-
ducted to date. One study in humans, however, demonstrated
that ghrelin levels did not change during submaximal aerobic
exercise in healthy adults (Dall et al., 2002).

Ghrelin is a valuable hormone to attempt to study in
horses, as it may have a significant role in helping horses to
maintain energy balance. In addition, high-performing equine
athletes often have problems with inappetance and gastric
ulcers that may be related to abnormal ghrelin concentrations
and ghrelin’s stimulation of gastric acid (Murray et al., 1989).
Humans with anorexia exhibit higher ghrelin concentrations
compared with their normal counterparts, with a presumed
“ghrelin” resistance contributing to the cachexia of this eating
disorder (Otto et al., 2001; Rigamonti et al., 2002).

Cholecystokinin

The peptide hormone cholecystokinin (CCK) is secreted from
the small intestine and is involved in energy balance by signaling
fullness and decreasing food intake in humans, rodents, and
ruminants (Ballinger et al., 1995; Grovum, 1981). To date,
there has been little published data on CCK in horses. However,
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theoretically, this hormone may play a role in the inappetance
commonly seen in heavily exercised horses. In a study con-
ducted in humans, exercise increased plasma CCK concen-
trations fourfold. Although CCK values returned to normal at
the end of exercise, equine researchers have speculated that
CCK concentration may increase in response to exercise in
horses and remain elevated, contributing to a lack of interest in
feed seen in some equine athletes (Bailey et al., 2001).

Finally, it must be recognized that there is also an interaction
among many of the above-mentioned hormones in relation to
energy balance. For example, CCK enhances the effect of leptin
administration on weight loss, and the pair may directly
decrease food intake (Emond et al., 1999; Matson et al., 2002).
Leptin and adiponectin, although expressed in opposite con-
centrations to one another, may be regulated similarly for
short-term alterations but differently for long-term regulation
(Zhang et al., 2002). Ghrelin, however, is upregulated during
leptin therapy, though these increases in ghrelin are not able to
overcome the decreased food intake caused by leptin (Bagnasco
et al., 2002; Beretta et al., 2002). Hence, it is clear that these
endocrine mediators should be studied collectively to deter-
mine how they interact to regulate various systems.

In conclusion, the regulation of energy balance in horses
and how it is affected by exercise is a field that has yet to be
investigated in depth. However, data published in humans and
other species demonstrate the importance of such research,
especially with regard to gastric ulcer syndrome and inap-
petance commonly seen in heavily exercised horses, as well as
obesity and insulin resistance seen in many older horses. Hope-
fully, future research in this field will elucidate the mechanisms
of energy balance in horses, how this balance is maintained in
response to exercise, and ways in which management practices
can be changed to help horses remain in energy balance and
achieve optimal performance and health.

KIDNEYS

Filtration of the blood and conservation of vital substances are
the most commonly acknowledged functions of the kidneys
(McKeever, 1998; Zambraski, 1990). However, their close link
to cardiovascular function is more complex and multifaceted.
The basic filtration unit is the kidney glomerulus. Each of
these glomeruli has a specialized group of cells that form what
is referred to as the juxtaglomerular apparatus (JGA). These
regions have specialized cells that act as feedback sensors
monitoring flow (and pressure), sodium and chloride concen-
tration, and arterial oxygen partial pressure (pO,). One of
the major hormones produced by the kidney is renin,
the activating substance in the renin—angiotensin—aldosterone
cascade, which has the potential to alter blood pressure, blood
volume, and blood tonicity. The kidney also produces erythro-
poietin, which acts on precursor cells in the bone marrow to
stimulate red blood cell production. Both of these hormone
systems play an important role the defense of normal cardio-
vascular function (McKeever, 1998; Zambraski, 1990).

Renin

Renin facilitates the conversion of angiotensinogen to angio-
tensin I, which is ultimately converted to angiotensin II,
which then stimulates the production and release of aldoste-
rone. During exercise, renin activity is a measure of the rate
of the generation of angiotensin I (McKeever et al., 1992b;
Zambraski, 1990). Angiotensin I and angiotensin II are powerful

vasoconstrictors involved in the control of MAP and blood flow
during exercise. After exercise, renin can directly affect renal
function, and angiotensin stimulates thirst and drinking,
thus altering postexercise fluid balance (Convertino, 1991;
McKeever et al., 1992b). Three major mechanisms that may
account for the increase in renin during exercise are (1) renal
nerve stimulation via increased sympathetic drive, (2) changes
in renal blood flow and pressure associated with JGA func-
tion, and (3) changes in electrolyte (sodium and chloride)
concentrations at the JGA in the kidney (McKeever et al.,
1992b; Zambraski et al., 1984; Zambraski, 1990).

Previous studies have measured renin in horses at rest,
after exercise training, during steady-state exercise, or after
brief maximal exercise (Cooley et al., 1994; McKeever et al.,
1987; McKeever et al., 1991a; McKeever et al., 1992b; McKeever,
1998; McKeever et al., 2000). Strong linear correlations between
work intensity (and duration), increases in renin, and heart rate
were reported up to treadmill speeds of approximately 9 m/s
(McKeever et al.,, 1992b). Above 9 m/s, heart rate and renin
reached a plateau and did not increase when the speed was in-
creased from 9 to 10 m/s (McKeever et al., 1992b). In previously
published studies of horses, renin increased from 1.9 = 1.0 nano-
gram per milliliter per hour (ng/mL/hr) at rest to a peak of 5.2 =
1.0 ng/mL/hr at 9 m/s (McKeever et al., 1992b). The observed
concurrent plateau in renin and heart rate supports the sugges-
tion that the increase in renin during exercise in the horse is
linked to sympathetic drive. Such is also the case in other species
in which mechanistic studies have demonstrated a correlation
between renal sympathetic nerve activity and renin (Zambraski
et al., 1984; Zambraski, 1990). During steady-state submaximal
exercise, the major factor stimulating an increase in renin early in
exercise was an increase in sympathetic drive (McKeever, 1998;
Zambraski, 1990). However, a secondary increase in renin was
seen in horses after 40 minutes of exercise and was most likely
caused by a decrease in plasma [Cl~] concentration, which fell
significantly during this period, and not plasma [Na*], which
remained constant (McKeever et al., 1991a).

Functionally, an increase in renin during exertion has been
shown to result in an increased plasma angiotensin II concen-
tration (McKeever, 1998; Zambraski, 1990). Interestingly,
horses given Enalapril, the angiotensin-converting enzyme
(ACE) inhibitor, had significantly lower plasma angiotensin
II and aldosterone concentrations and pulmonary artery pres-
sures during exercise compared with horses given a placebo
(McKeever et al., 2000). These observations demonstrate that
the renin—angiotensin cascade plays a role in the control of
blood pressure during exercise in the horse.

Erythropoietin

Erythropoietin (EPO) is a peptide hormone that is produced by
the kidneys in response to hypoxia sensed by pericellular cells
positioned in the vasculature of the renal matrix (Giger, 1992,
Kearns et al., 2000; McKeever, 1996). Recent papers have docu-
mented the effects of a variety of perturbations, including
the effects of blood loss, acute exercise, and altitude, on EPO
production in humans (Giger, 1992; McKeever et al., 1999).
If cardiopulmonary adjustments are insufficient to prevent
hypoxemia and if the above-mentioned perturbations are large
enough to cause a decrease in renal arterial pO,, then plasma
EPO concentrations increase, and there is a subsequent stimu-
lation of erythropoiesis in humans. The resultant increase
in red blood cell (RBC) volume would be expected to couple
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with other compensatory mechanisms to return arterial pO, to
normal levels.

McKeever et al. (2002¢) recently reported that acute exercise
does not appear to stimulate an increase in plasma EPO concen-
tration in normal horses. This is similar to observations made in
several studies on humans, which demonstrated that neither the
intensity nor the duration of acute exercise alters plasma EPO
concentrations in humans (Bodary et al., 1999; Schmidt et al.,
1991). This makes intuitive sense because one would speculate
that if acute exercise caused substantial increases in EPO pro-
duction and release, then repeated exercise (i.e., training) would
cause a sustained increase in EPO. Any such hypothetical
repeated increase in circulating EPO concentration would be
expected to cause a sustained stimulation of erythropoiesis.
Taken a step further, this would eventually cause a red cell
hypervolemia or polycythemia and potentially detrimental
increases in blood viscosity. Mechanistically, the acidosis of exer-
cise appears to inhibit EPO production (Ekhardt et al., 1990).

Altitude appears to cause a transient increase in plasma EPO
production in humans and horses (McKeever et al., 2002c;
Boning et al., 1997; Milledge and Cotes, 1985; Willmore
and Costill, 1994). However, in studies on horses, plasma EPO
concentrations were seen to increase only during the first
3 hours of the first day at 3800 meters (McKeever et al., 2002¢).
This is similar to findings in studies of humans, which reported
a “temporary rise” in EPO concentrations in mountaineers
climbing both at 4900 and 7600 m (Boning et al., 1997). One
explanation for this rapid return to baseline concentrations
is a rapid compensation of cardiorespiratory mechanism to
the challenge of altitude that would tend to limit changes in
arterial pO, at the kidney (Boning et al., 1997). Interestingly,
exercise performed at altitude did not induce a secondary
increase in plasma EPO concentration (McKeever et al., 2002c).
The authors concluded that hypoxia positively affects EPO
production in the horse rapidly on the first day at altitude, with
a rapid return to pre-altitude concentrations (McKeever et al.,
2002c¢). Their data suggest that horses have an innate ability
to tolerate the acute challenges induced by exercise and
altitude.

Administration of recombinant human erythropoietin
(thEPO) has been shown to increase hemoglobin concentration
and exercise capacity in humans with chronic renal failure
(Adamson and Vapnek, 1999; Berglund and Ekblom, 1991;
Cowart, 1989). Even relatively small doses of thEPO have been
found to increase hemoglobin concentration by 30% and
increase endurance performance anywhere from 10% to 19% in
healthy human subjects (Adamson and Vapnek, 1999; Berglund
and Ekblom, 1991; Cowart, 1989). Purportedly, human ath-
letes, their trainers, or both have decided to use higher-than-
recommended doses of erythropoietin, with the rationale that
the more thEPO injected, the greater the increase in aerobic
capacity (Adamson and Vapnek, 1999; Berglund and Ekblom,
1991; Cowart, 1989). Injections of thEPO have been shown to
elevate resting hematocrit to levels greater than 55% in humans,
which increases blood viscosity and clotting and worsens the risk
of heart attack or stroke (Adamson and Vapnek, 1999; Cowart,
1989). These increases in hematocrit and blood viscosity may
have caused excessive increases in blood pressure and clotting
problems related to the deaths of human athletes in Europe
(Adamson and Vapnek, 1999; Cowart, 1989). Unfortunately,
these practices have entered equine sports medicine, with clini-
cians, horse trainers, and racing commission personnel reporting
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that this drug is being misused in racehorses to improve racing
performance through an increase in blood volume and oxygen-
carrying capacity (Jaussaud et al,, 1994; McKeever, 1996;
Souillard et al., 1996). However, two major problems can develop
in horses (McKeever, 1996; Piercy et al., 1998). First, while the
horse can tolerate hematocrits of 50% to 60% during exercise, no
one knows what happens to a horses cardiovascular system if
the normal resting hematocrit is artificially elevated to values of
70% to 80%. A large increase in resting hematocrit coupled with
splenic reserve mobilization may produce dangerously viscous
blood that may lead to sudden death during or after exercise
(McKeever, 1996). If this increase in resting RBC volume were to
be coupled with furosemide-induced fluid losses, the results
could be devastating (McKeever, 1996). A second major poten-
tial problem associated with thEPO misuse in the athletic horse
is its reactivity with the horse’s immune system. Some horses
have purportedly developed life-threatening anemia associated
with an immune reaction to both the exogenous thEPO and
the animals own EPO (McKeever, 1996; Piercy et al., 1998).
Clinically, resting hematocrit has been seen to drop below 20% in
horses reacting to thEPO administration, with some horses
requiring life-saving blood transfusions (Piercy et al., 1998).

Recently, studies of splenectomized and intact horses have
demonstrated that thEPO administration in low doses causes
substantial increases in resting hematocrit, RBC volume, VOpay,
blood viscosity, and selected hemodynamic variables during
incremental exercise performed on a treadmill (McKeever et al.,
1993b; McKeever et al,, 1999). In splenectomized horses,
administration of thEPO in low doses (15 international units per
kilogram [IU/kg]) three times a week for 3 weeks increases in
resting hematocrit from 37% up to 46% (McKeever et al., 1993b).
The resulting 13% increase in RBC volume was associated with
a 19% increase in VO, and substantial increases in blood
viscosity (McKeever et al., 1993b). Another study also demon-
strated that administration of low-dose thEPO (50 1U/kg, three
times per week for 3 weeks increases RBC volume, VO, and
the velocity at VO,may) (McKeever et al., 1999). Though viscosity
was not measured in that study, postexercise hematocrits were in
the low 70s and considered dangerously high (McKeever et al.,
1999). Horses in that study also developed antibodies to thEPO
(McKeever, unpublished data).

HEART AND BLOOD VESSELS

The heart and blood vessels play both paracrine and endo-
crine roles in the control of cardiovascular function. Although
there are several mechanisms worthy of discussion, two hor-
mones appear to play a major role during exercise: (1) atrial
natriuretic peptide and (2) the endothelins (McKeever and
Hinchcliff, 1995).

Atrial Natriuretic Peptide

ANP is produced by the heart and is important in the regula-
tion of blood flow and blood pressure during exercise (Freund
et al., 1988b; McKeever and Hinchcliff, 1995). Granules of
ANP are stored within the walls of the atria and are released
during atrial stretch (McKeever and Hinchcliff, 1995; Richter
etal., 1998). Receptor sites for ANP have been identified in the
posterior pituitary, the kidneys, vascular smooth muscle, the
adrenal cortex, the heart, and the lung. This hormone causes a
rapid and profound vasodilation and a pronounced natriuresis.
ANP inhibits vasopressin, renin, and aldosterone secretion and
also inhibits the binding of aldosterone at the kidney tubule
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(McKeever and Hinchcliff, 1995; McKeever et al., 1991b). On
a practical level, ANP may be involved in accommodating the
exercise related shifts of blood volume in the horse (McKeever
and Hinchcliff, 1995; McKeever et al., 1991). Evidence for this
was provided by two recent studies that demonstrated that
plasma ANP increases in a linear fashion with increasing work
intensity, rising from 5 to 10 pg/mL at rest to concentrations
exceeding 60 pg/mL at speeds eliciting VO, (McKeever and
Hinchcliff, 1995; McKeever et al., 1991b; McKeever and
Malinowski, 1999; Nyman et al., 1998). Mean ANP concentra-
tion was also highly correlated with heart rate (McKeever et al.,
1991b). Furthermore, ANP increased from about 10 pg/mL at
rest to a peak of 40 pg/mL after 40 minutes of steady-state
submaximal exercise (Kokkonen et al., 1999; McKeever and
Hinchcliff, 1995; McKeever et al.,, 1991a). Nyman and
coworkers (Nyman et al., 1998) found similar peak plasma
ANP concentration during steady-state exertion and reported
that ANP concentrations were altered by hydration status.
Horses that were overhydrated had the highest ANP concen-
trations during exercise compared with control and dehy-
drated horses (Nyman et al., 1998). Another study found
no differences between arterial and mixed venous ANP con-
centrations, suggesting that ANP is either not metabolized by
the lung or is released from the left atrium at a rate matching
pulmonary metabolism (McKeever et al., 1992a). Even more
recent work has examined the effects of exercise on ANP, with
a special focus on its interaction between fluid and electrolyte
status and other endocrine responses (Kokkonen et al., 1995;
Kokkonen et al., 2002). The authors concluded that ANP
remains elevated after exercise and that this was a response to
the exercise-induced increase in circulating blood volume
rather than an interaction with vasopressin and the catechol-
amines (Kokkonen et al., 2002).

Endothelin

The endothelins are peptide hormones that have pronounced
effects on neuroendocrine control of cardiovascular function
(Maeda et al., 1996; McKeever et al., 2002; Rossi, 1993;
Rubany and Shepherd, 1992). The endothelins ET-1, ET-2,
and ET-3 are isoforms of a 21-amino-acid polypeptide with
pronounced effects on both central and peripheral control
of cardiovascular function. The three sequences of endo-
thelin are structurally and pharmacologically distinct, aris-
ing from what has been called “big endothelin,” a 39-amino-
acid precursor molecule. The half life of ET-1 is very short
(only a few minutes), which is consistent with its role in
control of vascular tone (Rossi, 1993; Rubany and Shepherd,
1992). Factors affecting the release and metabolism of endo-
thelin include increased blood flow, vasopressin, angioten-
sin, shear stress, and thrombin (Rossi, 1993; Rubany and
Shepherd, 1992).

Many studies have shown that ET-2 and ET-3 are limited in
their vascular effects and that ET-1 has the most pronounced
effect on peripheral vascular tone (Rossi, 1993; Rubany and
Shepherd, 1992). Endothelial cells produce ET-1 exclusively
(Rossi, 1993), and circulating levels of this hormone may play
a role in certain forms of hypertension (Rossi, 1993; Rubany
and Shepherd, 1992). ET-1 and ET-2 (to a lesser degree) are
potent vasoconstrictors that can increase systemic and pulmo-
nary arterial blood pressure and cause alterations in cardiac
output and the distribution of blood flow in the peripheral
circulation (Rossi, 1993; Rubany and Shepherd, 1992). Thus,

ET-1 may play a role in the redistribution of blood flow and
control of blood pressure during exercise. ET-3 appears to play
a role in modulating the release of vasopressin from the hypo-
thalamus, and Rossi (1993) showed that it amplifies free water
excretion independent of renal and systemic hemodynamic,
osmotic clearance, and circulating vasopressin concentrations,
or all of these.

Resting plasma concentrations of immunoreactive ET-1
measured in horses (Benamou et al., 1998; Benamou et al.,
1999; Benamou et al., 2001a; Benamou et al., 2001b; McKeever
and Malinowski, 1999; McKeever et al., 2002) appear to be
similar to the relatively low concentrations reported for other
mammalian species such as the rat, dog, pig, cow, and man
(Richter et al., 1994; Rossi, 1993; Rubany and Shepherd,
1992). Studies of ET-1 in horses have focused primarily on
either understanding the role in respiratory disease (Benamou
et al., 1998; Benamou et al., 1999; Benamou et al., 2001a;
Benamou et al., 2001b) or aging (McKeever and Malinowski,
1999; McKeever et al., 2002). In some of those studies, ET-1
was found to be elevated in blood and bronchiolar alveolar
lavage fluid in resting horses with respiratory disease (Benamou
et al., 1998; Benamou et al., 1999). Many recent experiments
have only reported on samples obtained either before and after
exertion (Benamou et al., 1998; Benamou et al., 1999) or at
rest and at the speed eliciting VOsmax (McKeever et al., 2002).
However, one study examined plasma ET-1 concentrations in
the horse during exercise, rather than just collecting blood
samples before and after exercise, and no changes were
revealed in plasma ET-1 concentration during exercise
(McKeever et al., 2002). Interestingly, although plasma ET-1
concentration did not change with increases in exercise inten-
sity, it did increase substantially in samples collected immedi-
ately after the exercise stimulus was withdrawn and in blood
collected 2 minutes following cessation of exercise (McKeever
et al., 2002). However, plasma ET-1 concentrations were back
to normal by 10 minutes (McKeever et al., 2002). This rapid
response may be physiologically significant, as it coincides
with the rapid recovery and transient decreases in cardiovascu-
lar function reported in other studies of horses that have in-
volved protocols with a quick stop of the treadmill (McKeever
and Hinchcliff, 1995; McKeever et al., 2000). Similar post-
exertion increases in plasma ET-1 concentration have also
been reported in studies of normal humans and in studies
where the subjects had various diseases affecting the vascula-
ture. In one of those experiments, even greater increases in
plasma ET-1 concentrations were seen in dehydrated humans
(Richter et al., 1994). The greater increase in plasma ET-1
concentration caused by volume depletion supports the sug-
gestion that ET-1 plays a role in the modulation of vascular
tone in the defense of MAP (Rubany and Shepherd, 1992).
Thus, the postexertion increase in plasma ET-1 concentration
observed in horses (McKeever et al., 2002) is consistent with
previously published reports on the hemodynamic and endo-
crine responses to exercise in horses (Cooley et al., 1994;
McKeever and Hinchcliff, 1995). An increase in plasma ET-1
concentration following rapid cessation of prolonged exercise,
at a time when postexertion blood pressure would be expected
to fall, fits with the neuroendocrine response to other pertur-
bations affecting vascular fluid volume, cardiac filling pressure,
and MAP. This would be an appropriate response in the regu-
lation of cardiovascular function during the transition from
exertion to recovery when heart rate, cardiac output, and
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blood pressure are declining rapidly in the face of exercise-
induced vasodilation of vascular beds supplying muscles.
Elevated resting plasma ET-1 concentrations in rats and
humans with diseases, particularly in humans with chronic
obstructive pulmonary disease (COPD) and pulmonary hyper-
tension, has been well documented (Maeda et al., 1996;
Manohar et al., 1993; Rubany and Shepherd, 1992). Benamou
et al. (1999) demonstrated that postexercise ET-1 concentra-
tions were substantially elevated in the bronchoalveolar lavage
fluid of horses with exercise-induced pulmonary hemorrhage
(EIPH). In another study, Benamou et al. (2001b) demon-
strated that ET-1 type A receptors mediate the vasoconstrictor
action of ET-1 in the pulmonary and systemic circulations of
the horse. However, data from another study (Benamou et al.,
2001a) suggest that ET-1 is not a mediator of the acute hypoxic
pulmonary hypertension response to exercise, but it may serve
as a modulator of the acute response or slower phase of
hypoxic pulmonary hypertension response to exercise. More
work is needed to determine if ET-1 plays a role in the patho-
genesis of EIPH, especially since some feel increases in pulmo-
nary artery pressure during exercise may contribute to this
phenomenon (Manohar et al., 1993; Pascoe, 1996).

GONADS AND REPRODUCTIVE HORMONES

Reproductive hormones are essential for the health and well-
being of a mare or stallion. However, exercise performance is
not affected, per se, by reproductive hormones. Nevertheless,
recent human research has focused a great deal of attention on
the effects of exercise on the female reproductive cycle and the
interaction of prolactin, LH, FSH, estrogen, and B-endorphin
(Willmore and Costill, 1994). Human studies have also exam-
ined the effects of acute exercise on the health of pregnant
women. More work is needed in the horse to determine if
exertion affects these hormones, especially in endurance
horses and in pleasure horses that are ridden while they are in
foal. The following evidence is based primarily on studies in
humans. Although FSH and LH are technically anterior pitu-
itary hormones, their effects will be discussed here in relation
to estradiol and testosterone responses.

Follicle Stimulating Hormone

The primary role of follicle stimulating hormone (FSH)
involves the regulation of reproductive capacity in both men
and women. Although intensity and duration determine the
response of many hormones to the stimulus of exercise, it
appears that neither of these factors affects FSH secretion. For
example, Semple et al. (1985) recorded the hormonal response
in 10 healthy males prior to and within 30 minutes of com-
pleting the Glasgow marathon. In agreement with the high
degree of stress involved in running a marathon, plasma
cortisol levels increased two- to fivefold. LH and testosterone
significantly declined, but FSH remained unchanged. Marathon
running is primarily an aerobic exercise, but Raastad and
colleagues (2000) took similar measurements in healthy men
during both moderate- and high-intensity resistance training.
Despite the markedly different exercise intensity, FSH remined
unchanged. Similar results have been seen in trained and
untrained subjects (Di Luigi et al., 2002), and also in women
regardless of contraceptives use or exercise intensity (Bonen
et al., 1979). Thus, results from a wide range of exercise inter-
ventions, obtained from a broad group of subjects, all agree that
exercise appears to have little impact on FSH secretion.
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Luteinizing Hormone and Estradiol Interactions

LH has a primary role in the reproductive systems of both
males and females. In the female, LH is largely responsible for
ovulation and menstrual cycle regulation. Evidence suggests
that in premenopausal women, consistent workouts above the
lactate threshold can disrupt the luteal phase of the menstrual
cycle (Rogol et al., 1992). Although the overall menstrual cycle
length was not significantly impacted, a shift in the phases
resulted in a significantly decreased luteal phase. This has
been shown to decrease the fertility of women because of a
decreased ability of the corpus luteum to secrete progesterone
in sufficient doses or duration to support implantation and
pregnancy (Balash et al., 1987; Jones et al., 1970). Baker et al.
compared resting estradiol and LH concentrations in female
runners and found that they were significantly lower in amen-
orrheic women compared with eumenorrheic women (Baker,
1981). This reduction in LH has also been seen in male run-
ners (McColl et al., 1989; Semple et al., 1985). Decreases in
LH appear to be caused by a disruption in the hypothalamic—
pituitary—gonadal (HPG) axis. Blunting of the HPG response
originates with a decrease of gonadotropin-releasing hormone
(GnRH), which would decrease LH release, which leads to
decreases in estradiol, progesterone, or testosterone. Most of
the decreases in LH and estradiol seem to appear with long-
duration, sustained exercise. However, not all exercise has
reported a blunted estradiol response. Jurkowski et al. used
varying exercise intensities (30%, 60%, or 85% VOjma) to
compare the postexercise estradiol concentration in healthy
premenopausal women (Jurkowski et al., 1978). Results indi-
cated a dose-dependent increase in estradiol after exercise.
Most studies that have shown increased estradiol concentra-
tions have used relatively shorter-duration acute exercise
bouts (Consitt et al., 2002). Keizer and coworkers found
increased estradiol in subjects after an acute aerobic session
using a bicycle ergometer. However, they attributed the
increase in estradiol concentration following a 40-minute
exercise bout (70% VO for 10 min, 25% VO,max for 30 min)
to a decrease in the metabolic clearance rate of the hormone
(Keizer et al., 1980). The increases in estradiol concentration
immediately after acute exercise are consistent with increases
in testosterone in men.

An increased estradiol concentration or the maintenance
of normal estradiol concentrations is a major factor in the
maintenance of a regulatory menstrual cycle and ovulation.
Other health complications can arise from consistently lowered
estradiol. When estradiol remains low, bone resorption can be
greater than bone formation, leading to an increased risk for
osteopenia and bone fracture (Matkovic et al., 1994). Winterer
et al. (1984) found a significant correlation between decreased
estradiol concentrations, decreased bone density, and causes of
menstrual dysfunction (Winterer et al., 1984).

Conlflicting research exists as to the “direct cause” of distur-
bances in the menstrual cycle and the HPG axis. Contrary to
the belief that exercise itself is the direct factor in menstrual
disturbances, emerging evidence suggests that energy balance,
or inadequate caloric intake, is the major contributor (Loucks
et al., 1998). Williams et al. used an amenorrheic female
monkey model to monitor the impact of energy availability on
reproductive hormones and dysfunction during a consistent
exercise regimen. On hypercaloric refeeding, the amenorrheic
monkeys began to re-establish their ovulatory cycles, with
the time-frame for re-establishment based on caloric intake
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(Williams, 2001). It appears that much of the reduction in
serum estradiol and resultant menstrual dysfunction is related
to insufficient energy and nutrient intake necessary to achieve
energy balance consistent with the demands of the activity.

Luteinizing Hormone and Testosterone Interactions

The effects of LH in males reside at the site of Leydig cells.
These cells, located in the testes, are responsible for the pro-
duction of about 95% of circulating testosterone (Horton
etal., 1978). Hakkinen et al. (1988) reported a decrease in LH
secretion after a single bout of resistance exercise. Nindl et al.
(2001) demonstrated an overnight blunted LH production
rate after a resistance training (RT) protocol, with a concomi-
tant decline in testosterone concentration. However, it should
be noted that the RT protocol administered was 2 hours in
length, whereas most studies that have shown elevated testos-
terone after exercise were of shorter duration (<90 min)
(Kraemer, 1999a; Kraemer et al., 1990). The sustained RT
protocol may have made the hormonal environment more
closely resemble that seen during sustained aerobic exercise,
considering that LH concentration declines during sustained
aerobic exercise (Karkoulias et al., 2008; Semple et al., 1985).
McColl et al. compared endurance-trained men with a control
group and found significantly lowered resting testosterone
and mean LH concentrations in the trained group.

Increased testosterone concentrations have been associated
with increased muscle hypertrophy (Sinha-Hikim et al., 2002).
Therefore, any exercise training that has the ability of increasing
testosterone concentration is likely to contribute to increased
muscle mass. Acute exercise-related increases in plasma testos-
terone appear to depend on intensity, volume, duration, and
degree of muscular activation. Hakkinen et al. (1993) compared
low-volume, high-load RT (20 sets of 1, 100%) to high-
volume, moderate-load RT (10 sets of 10, 70%) and only found
a significant increase in total and free serum testosterone in the
high-volume group. Along with intensity and volume, a signifi-
cant contributor to testosterone concentration increases appears
to be the muscle mass recruited. The larger the muscle mass
recruited, the greater the testosterone concentration increases,
as demonstrated by 15% increases in testosterone following
deadlifts versus 7% increases following bench press (Volek et al.,
1997). Furthermore, the response of testosterone to training
appears to exist in both old and young individuals, with a larger
absolute increase in the young (Kraemer, 1999b; Metivier et al.,
1980). Contrary to high-intensity RT exercise, long-duration
endurance exercise appears to cause a significant decline in
postexercise serum testosterone (Semple et al., 1985). This
coincides with a decline in LH concentration, with similar re-
sults seen in both untrained and trained individuals (Karkoulias
et al., 2008).

Further understanding of the mechanism behind the rise in
testosterone concentration is warranted. Increases in testosterone
from acute exercise training appear to be regulated by some
mechanism other than just LH response. The acute increase in
testosterone concentration after a high-intensity exercise bout may
be partly due to decreased testosterone clearance or a shift in
plasma volume, rather than an increase in testosterone production
and secretion per se (Hudson, 1985, Sutton et al., 1978). Besides
altered hepatic testosterone clearance or reduced plasma volume,
increased testosterone release from the adrenal cortex may contri-
bute to some of the increased testosterone but not to an appreci-
able amount in males. The anabolic effects of testosterone appear

to be dependent on the concentration of testosterone in blood, not
simply on a change in secretion. A dose-dependent increase in
plasma testosterone had a positive linear correlation with muscle
hypertrophy in man (Sinha-Hikim et al., 2002). This indicates that
regardless of the cause of an increased testosterone concentration,
the increase alone has potential anabolic effects. However, these
effects appear to depend on the duration of the exercise. Although
most RT sessions appear to cause an increase in testosterone
concentration, RT of 2 hours resulted in decreased testosterone
(Nindl, 2001b). This supports data from endurance-based activi-
ties indicating that sustained exercise will result in decreased
testosterone.

The exercise itself is not necessarily the only part of a training
program that can impact serum testosterone. For example,
Volek et al. demonstrated increased testosterone after acute
high-intensity resistance training using a 5-set, 10-repetition
protocol of bench press and jump squats. However, they also
noted a significant correlation between dietary nutrient con-
sumption and resting testosterone serum content (Volek et al.,
1997). A significant positive correlation was seen between fat
intake and serum testosterone, particularly for monounsaturated
fatty acid (MUFA) and saturated fats (SFA). They, therefore, con-
cluded that not only does an acute bout of high-intensity RT
increase postexercise testosterone levels, but dietary fat intake
(MUFA and SFA) also appears to have a significant role in eleva-
tion of resting testosterone levels.

ENDOCRINE MEDIATION OF SHORT-TERM
CONTROL OF CARDIOVASCULAR FUNCTION

The cardiovascular response to exercise is dependent on a mul-
tisystem defense of blood volume, MAP, and plasma tonicity
(McKeever and Hinchcliff, 1995). These mechanisms ensure
adequate blood flow to the working muscles and obligate
tissues, along with the provision of adequate fluid volume
for sweating and thermoregulation. The maintenance of cardio-
vascular homeostasis during exercise is mediated by neuroen-
docrine mechanisms that ensure that the system can meet
the increased demand for blood flow to the working muscles
during exercise (Convertino, 1991; McKeever, 2002; McKeever
and Hinchcliff, 1995).

The anticipation of exercise in humans and horses can in-
voke a withdrawal of parasympathetic control and an increase
in sympathetic nervous activity resulting in an increase in heart
rate, force of contraction, stroke volume, and cardiac output.
Rowell (1993) suggested that the “range of parasympathetic
control of the heart by central command determines the level of
exercise at which the activation of the sympathetic nervous
system occurs.” In horses, resting heart rate averages 30 to
40 beats per minute (beats/min). Initial increases in heart rate
up to approximately 120 beats/min are associated with the
withdrawal of parasympathetic tone. However, further in-
creases in heart rate during exercise, up to a maximal heart rate
between 200 and 240 beats/min, are associated with increases
in sympathetic activity and catecholamine release. This increase
in heart rate coupled with increased stroke volume from 0.7 L
at rest to almost 2 L during strenuous exercise results in an in-
crease in cardiac output from an average of 30 L/min at rest up
to nearly 300 L/min during maximal exercise (Kraemer, 1999b;
Metivier et al., 1980). The cardiovascular system responds to
exercise with dramatic increases in heart rate, force of cardiac
contraction, and subsequent increases in stroke volume and
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cardiac output (Rowell, 1993). These central cardiovascular
responses are rapid and concurrent with venoconstriction and
arterial vasodilation in the working muscles (Rowell, 1993).

Adjustments in peripheral vascular resistance that are me-
diated by the cardiopulmonary baroreflex cause a redistribu-
tion of blood volume from “storage” in highly compliant
venous capacitance vessels into the arterial side of the cardio-
vascular system, enhancing venous return (Rowell, 1993). In
the horse, there is the added component of splenic reserve
mobilization which further enhances venous return and circu-
lating RBC volume (McKeever and Hinchcliff, 1995; Persson,
1967). Splenic contraction is mediated by direct stimulation
from the sympathetic nervous system through the action of
norepinephrine and epinephrine on o—adrenergic receptors
(Persson, 1967). Between 6 L and 12 L of blood can be deliv-
ered into the central circulation at the onset of exercise allow-
ing the equine athlete to reach a maximal aerobic capacity
(145-200 ml/kg/min in fit horses) that is almost three
times greater than that of human athletes (McKeever and
Hinchcliff, 1995; Persson, 1967). This extra volume is rapidly
accommodated through arterial vasodilation, which is medi-
ated by increases in sympathetic neural outflow, through
increases in ANP, and through local chemoreceptor mecha-
nisms (McKeever and Hinchcliff, 1995; McKeever et al.,
1991). Resequestration of the splenic reserve is prevented by
the action of vasopressin and the catecholamines on splenic
arterioles (Davies and Withrington, 1973).

MAP increases with exercise intensity are essential for in-
creasing cardiac output in the face of decreases in resistance
in the vascular beds of the working muscles. Rowell (1993)
suggests that in addition to input from the cardiopulmonary
baroreceptors, a functional arterial baroreflex and muscle
chemoreflexes are essential for the regulation of heart rate,
cardiac output, and arterial pressure during exercise. Rowell
(1993) further suggests that the operating point of the arterial
baroreflex is “reset during dynamic exercise with adjustments
in autonomic tone to compensate for the mismatch between
cardiac output and vascular conductance.”

Modulation of the blood flow and blood pressure response
to exercise involves input from both high-pressure and
low-pressure baroreceptors. Low-pressure (cardiopulmonary)
baroreceptors are volume receptors located primarily within
the atria and the pulmonary circulation. At the start of exer-
cise, increased venous return results in atrial stretch, eliciting
a reflex response by the cardiopulmonary baroreceptors.
Nerves within the atria serve as stretch receptors, sensing
volume overload or underload. The output from these nerves
is conducted centrally via vagal afferents and integrated into
the central control of peripheral vascular tone (McKeever and
Hinchecliff, 1995; Rowell, 1993). The endocrine component of
this baroreflex involves the release of ANP, which has potent
vasodilatory properties and causes a reflexive decrease in
vasopressin release (Freund et al., 1988b; McKeever and
Hinchcliff, 1995).

Even with the mobilization of reserve blood volume, the
demands of high-intensity or long-duration exercise may
exceed central cardiovascular capacity. Baroreceptor control of
arterial tone becomes vital to the maintenance of cardiac output
and MAP, whereas sympathetic-induced vasoconstriction de-
creases blood flow to nonobligate tissues during high-intensity
exercise (McKeever and Hinchcliff, 1995; Rowell, 1993). This
response is even more pronounced during long-term exercise,
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when fluid losses associated with sweating compromise vascu-
lar fluid volume and venous return. Without replacement or
compensation, decreases in venous return associated with fluid
losses can cause a decrease in cardiac output and decreased
blood flow to the working muscles and to the vascular
beds associated with thermoregulation (Convertino, 1991,
McKeever and Hinchcliff, 1995; Rowell, 1993). To maintain
cardiac output under these conditions, the body compensates
by increasing heart rate because of the concomitant decrease in
stroke volume, a phenomenon termed cardiovascular “drift,”
which is associated with an increase in sympathetic activity and
circulating catecholamines (McKeever, 1993).

Exercise training produces chronic adaptations in the
cardiovascular system that are mediated through changes in
neuroendocrine control (Convertino, 1991; McKeever and
Hinchcliff, 1995; Wade, 1984). Work from several species has
shown that exercise training produces an expansion of plasma
volume (Convertino, 1991; McKeever et al., 1985; McKeever
et al., 1987; McKeever, et al., 2002b). Trained horses have
significantly greater blood volumes compared with untrained
horses (Convertino, 1991; McKeever et al., 1987; McKeever,
et al., 2002b; Persson, 1967), with increases in plasma volume
of 30% observed after only 1 week of exercise training. Humans
show significant alterations in sodium and water excretion,
which are attributable to repeated exercise-induced increases in
plasma aldosterone concentration (Convertino, 1991). In the
one study of the hypervolemic response in horses, the authors
reported no change in resting plasma aldosterone concentration
or sodium excretion. However, their measurements were taken
at 1-week intervals and may have missed changes in sodium
excretion that is reported to occur in the first days of training
in humans (McKeever et al., 1987). A more recent study that
focused on changes occurring during the first days of training
demonstrates that plasma aldosterone concentration remains
elevated for almost 24 hours (McKeever et al., 2002b). It app-
eared that as in humans, an aldosterone-mediated retention of
sodium and water by the kidneys and digestive tract are a vital
part of the hypervolemic response to training in the horse
(Convertino, 1991; McKeever, et al., 2002b).

ENDOCRINE CONTROL OF METABOLISM
DURING ACUTE EXERCISE

Performance of exercise requires the transduction of potential
or stored energy into kinetic energy and the endocrine system
plays an integral role in the coordination of the mobilization
and utilization of carbohydrates and free fatty acids (Rose and
Sampson, 1982; Rose et al., 1983). The need for a rapid provi-
sion of metabolic substrates to fuel exercise and to prevent
central fatigue is facilitated by a rapid increase in sympathetic
drive and an increase in the rate of catecholamines released
from the adrenal medulla. The degree of this response is cor-
related both with exercise intensity and exercise duration
(Dickson, 1970; Willmore and Costill, 1994). At the onset of
exercise, the catecholamines act on the liver and muscles to
increase the rate of glycogenolysis. The impact on the liver
results in an increase in circulating blood glucose concentra-
tions. The catecholamines also stimulate the release of hormone-
sensitive lipase, which acts on triglycerides to mobilize free
fatty acids. Free fatty acids are important for endurance activi-
ties, in which the use of fat to fuel exercise spares glycogen by
offsetting the amount of glucose needed to fuel the activity.
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However, fat cannot be used alone as a fuel source as “fat burns
in the flame of carbohydrates.” An increase in circulating cate-
cholamines also inhibits insulin and stimulates glucagon
release. As with catecholamines, glucagon also stimulates glu-
coneogensis and inhibits glycogenesis, thus playing an impor-
tant role in maintaining blood glucose concentrations during
exercise and delaying the onset of fatigue. Glucagon can also
stimulate the breakdown of protein and the release of amino
acids, which can be used as a fuel source by the liver. The effects

REFERENCES AND SUGGESTED READING

105

of catecholamines and glucagon can be further augmented by
the release of cortisol, which is affected by the intensity and
duration of the activity. Cortisol is, thus, a metabolic hormone
that stimulates gluconeogensis, fatty acid mobilization, and
protein breakdown. As a result of the proteolytic actions, amino
acids not used to fuel exercise may provide resources for the
synthesis of new proteins needed to repair muscle and replace
enzymes used in the various metabolic pathways (Dickson,
1970; Willmore and Costill, 1994).

Adamson JW, Vapnek D: Recombinant erythropoietin to improve athletic
performance, N £ngl J Med 324:698, 1999.

Arita Y, Kihara S, Ouchi N, et al: Paradoxical decrease of an adipose-
specific protein, adiponectin, in obesity, Biochem Biophys Res
Commun 257:79, 1999.

Art T, Franchimont P, Lekeux P: Plasma beta-endorphin response
of thoroughbred horses to maximal exercise, Vet Rec 135:499,
1994.

Bagnasco M, Dube MG, Kalra PS, Kalra SP: Evidence for the existence of
distinct central appetite, energy expenditure, and ghrelin stimulation
pathways as revealed by hypothalamic site-specific leptin gene
therapy, Endocrinology 143:4409, 2002.

Bailey DM, Davies B, Castell LM, et al: Physical exercise and normaobaric
hypoxia: independent modulators of peripheral cholecystokinin
metabolism in man, J Appl Physiol 90:105, 2001.

Baker £, Demers L: Menstrual status in female athletes: correlation with
reproductive hormones and bone density, Obstet Gynecol 72:
683, 1988.

Balash J, Vanrell JA: Corpus luteum insufficiency and infertility: a matter
of controversy, Hum Reproduct 2:557, 1987.

Ballinger A, Mcloughlin L, Medbak S, Clark M: Cholecystokinin is a
satiety hormone in humans at physiological post-prandial plasma
concentrations, (lin Sci Lond 89:375, 1995.

Benamou AE, Art T, Marlin DJ, et al: Variations in systemic and pulmo-
nary endothelin-1 in horses with recurrent airway obstruction
(heaves), Pulmonary Pharmacol Ther 11:231, 1998.

Benamou AE, Art T, Marlin DJ, et al: Effect of exercise on concentrations
of immunoreactive endothelin in bronchoalveolar lavage fluid
of normal horses and horses with chronic obstructive pulmonary
disease, Equine Vet J 30(Suppl):92, 1999.

Benamou AE, Marlin DJ, Lekeux P: Endothelin in the equine hypoxic
pulmonary vasoconstrictive response to acute hypoxia, Fquine Vet J
33:345, 2001a.

Benamou AE, Marlin DJ, Lekeux P: Equine pulmonary and systemic
haemodynamic responses to endothelin-1 and a selective ET(A)
receptor antagonist, Fquine Vet J 33:337, 2001b.

Beretta £, Dube MG, Kalra PS, Kalra SP: Long-term suppression of
weight gain, adiposity, and serum insulin by central leptin gene
therapy in prepubertal rats: effects on serum ghrelin and appetite-
requlating genes, Pediatr Res 52:189, 2002.

Berg AH, Combs TP, Scherer PE: ACRP30/adiponectin: an adipokine
requlating glucose and lipid metabolism, Trends Endocrinol Metab
13:84, 2002.

Berglund B, Ekblom B: Effect of recombinant human erythropoietin
treatment on blood pressure and some haematological parameters in
healthy men, J Intern Med 229:125, 1991.

Bodary PF, Pate RR, Wu PF, et al: Effects of acute exercise on plasma eryth-
ropoietin levels in trained runners, Med Sci Sports Exerc 31:543, 1999.
Bonen A, Ling WY, MacIntyre KP, et al: Effects of exercise on the serum
concentrations of FSH, LH, progesterone and estradiol, fur J App

Physiol 42:15, 1979.

Boning D, Maassen N, Jochum F, et al: After-effects of a high altitude
expedition on blood, Int / Sports Med 18:179, 1997.

Borer KT: Exercise endocrinology: Human Kinetics, Champaign, IL, 2003.

Bridges RJ, Rummel W: Vasopressin-stimulated Na-+ transport in rat
colon descendents. In Skadhauge E, Heintze, K, editors: Intestinal
absorption and secretion, Boston, MA, 1984, MTP Press, p 265.

Buff PR, Dodds AC, Morrison (D, et al: Leptin in horses: tissue localiza-
tion and relationship between peripheral concentrations of leptin and
body condition, J Anim Sci 80:2942, 2002.

Caloni F, Spotti M, Villa R, et al: Hydrocortisone levels in the urine and
blood of horses treated with ACTH, Equine Vet /31:273, 1999.

Chiba S, Kanematsu S, Murakami K, et al: Serum parathyroid hormone
and calcitonin levels in racehorses with fracture, J/ Vet Med S¢i 62:361,
2000.

Consitt LA, Copeland JL, Tremblay MS: Endogenous anabolic hormone
responses to endurance versus resistance exercise and training in
women, Sports Med 32(1):1, 2002.

Convertino VA: Blood volume: its adaptation to endurance training,
Med Sci Sports Exerc 23:1338,1991.

Convertino VA, Keil LC, Greenleaf JE: Plasma volume, renin, and vaso-
pressin responses to graded exercise after training, J Appl Physiol
54:508,1983.

Cooley JL, Hinchcliff KW, McKeever KH, et al: Effect of furosemide on
plasma atrial natriuretic peptide and aldosterone concentrations and
renin activity in running horses, Am J Vet Res 55:273, 1994.

Costill DL, Branum G, Fink W, et al: Exercise-induced sodium conservation
changes in plasma renin and aldosterone, Med Sci Sports Exerc 8:
209, 1976.

Cowart VS: A dangerous new form of blood doping, Physician Sports
Med 17:115, 1989.

Crandell KG, Pagan JD, Harris P, et al: A comparison of grain, oil and beet
pulp as energy sources for the exercised horse, Equine Vet J
30(Suppl):485, 1999.

Cummings DE, Purnell JQ, Frayo RS, et al: A preprandial rise in plasma
ghrelin levels suggests a role in meal initiation in humans, Diabetes
50:1714, 2001.

Dall R, Kanaley J, Hansen TK, et al: Plasma ghrelin levels during exercise
in healthy subjects and in growth hormone-deficient patients, £ur J
Endocrinol 147:65, 2002.

Date Y, Nakazato M, Murakami N, et al: Ghrelin acts in the central
nervous system to stimulate gastric acid secretion, Biochem Biophys
Res Commun 280:904, 2001.

Davie AJ, Evans DL, Hodgson, DR, et al: The effects of an oral glucose
polymer on muscle glycogen resynthesis in Standardbred horses,
J Nutr 124(Suppl):2740S, 1994.

Davie AJ, Evans DL, Hodgson, DR, et al: Effects of muscle glycogen
depletion on some metabolic and physiological responses to sub-
maximal treadmill exercise, Can J Vet Res 63:241, 1999.

Davies BN, Withrington PG: The actions of drugs on the smooth muscle of
the capsule and blood vessels of the spleen, Pharm Rev 25:373,1973.

De La Corte FD, Valberg SJ, Mickelson JR, et al: Blood glucose clearance
after feeding and exercise in polysaccharide storage myopathy,
Equine Vet J 30(Suppl):324, 1999.

Di Luigi L, Guidetti L, Baldari C, et al: Physical stress and qualitative
Gonadotropin secretion: LH biological activity at rest and after
exercise in trained and untrained men, Int J Sports Med 23:307, 2002.

Dickson WM: Endocrine glands. In Swenson, MJ, editor: Dukes’ physiology
of domestic animals, Ithaca, NY, 1970, Cornell University Press, p 1189.

Dirlewanger M, Di Vetta V, Giusti V, et al: Effect of moderate physical
activity on plasma leptin concentration in humans, £ur J Appl Physiol
Occup Physiol 79:331,1999.

Duren SE, Pagan JD, Harris PA, et al: Time of feeding and fat supplemen-
tation affect plasma concentrations of insulin and metabolites during
exercise, Equine Vet J 30(Suppl):479, 1999.

Ekhardt KU, Kurtz A, Bauer C: Triggering of erythropoietin production by
hypoxia is inhibited by respiratory and metabolic acidosis, Am J
Physiol 258:R678, 1990.

Elsaesser F Klobasa F, Ellendorff F: ACTH stimulation test for the deter-
mination of salivary cortisol and of cortisol responses as markers of

the training status/fitness of warm-blooded sports horses, Dsch
Tierarzt! Wochenschr 108:31, 2001.

Emond M, Schwartz GJ, Ladenheim EE, Moran TH: Central leptin modulates
behavioral and neural responsivity to CCK, Am J Physiol 276:R1545, 1999.

Essig DA, Alderson NL, Ferguson MA, et al: Delayed effects of exercise on
the plasma leptin concentration, Metabolism 49:395, 2000.

Farrell PA: Exercise effects on regulation of energy metabolism by pan-
creatic and gut hormones. In Lamb DR, Gisolfi CV, editors: Perspectives
in exercise science and sports medicine: Energy metabolism in exercise
and sport, Carmel, IN, 1992, Brown and Benchmark, p 383.

Farris JW, Hinchdliff KW, McKeever KH, et al: Treadmill endurance of
Standardbred horses with tryptophan or glucose, J Appl Physiol
85:807,1998.

Fisher JS, Van Pelt RE, Zinder 0, et al: Acute exercise effect on postab-
sorptive serum leptin, J Appl Physiol 91:680, 2001.

Fitzgerald BP, McManus CJ: Photoperiodic versus metabolic signals as
determinants of seasonal anestrus in the mare, Biol Reprod 63:335,
2000.

Frape DL: Dietary requirements and athletic performance of horses,
Equine Vet J 20:163, 1988.

Freund BJ, Shizuru EM, Hashiro GM, et al: Hormonal, electrolyte and
renal responses to exercise are intensity dependent, J Appl Physiol
70:900, 1991.

Freund BJ, Wade CE, Claybaugh JR: Effects of exercise on atrial natriuretic
factor: release mechanisms and implications for fluid homeostasis,
Sports Med 6:364, 1988b.

Geor RJ, Hinchcliff KW, Sams RA: Beta-adrenergic blockade augments
glucose utilization in horses during graded exercise, J Appl Physiol
89:1086, 2000.

Geor R, Hope £, Lauper L, et al: Effect of glucocorticoids on serum osteo-
calcin concentration in horses, Am J Vet Res 56:1201, 1995.

Gerard MP: The effects of equine somatotrapin on the physiological
responses to training in young horses [PhD dissertation], University of
Sydney, Australia, 2001.

Gerard MP, Hodgson DR, Lambeth RR, et al: Effects of somatotropin and
training on indices of exercise capacity in Standardbreds, Equine Vet /
34(Suppl):496, 2002.

Giacobino JP: Uncoupling proteins, leptin, and obesity: an updated
review, Ann NY Acad Sci 967:398, 2002.

Giger U: Erythropoietin and its clinical use, Compend Contin £duc Prac
Vet 14:25,1992.

Giraudet A, Hinchcliff, KW, Kohn CW, McKeever KH: Early insulin
response to an intravenous glucose tolerance test in horses, Am J Vet
Res 55:379, 1994,

Gonzalez 0, Gonzalez E, Sanchez C, et al: Effect of exercise on erythrocyte
beta-adrenergic receptors and plasma concentrations of catechol-
amines and thyroid hormones in Thoroughbred horses, Equine Vet J
3072, 1998.

Grovum WL: Factors affecting the voluntary intake of food by sheep: the
effect of intravenous infusions of gastrin, cholecystokinin and secretin
on motility of the reticulo-rumen and intake, Br J Nutr 45:183, 1981.

Hakkinen K, Pakarinen A: Acute hormonal responses to two different
fatiquing heavy-resistance protocols in male athletes, J App Physiol
74:882,1993.

Hakkinen K, Pakarinen A, Alen M, et al: Daily hormonal and neuromus-
cular responses to intensive strength training in 1 week, Int J Sports
Med 9:422, 1988.

Halaas JL, Gajiwala KS, Maffei M, et al: Weight-reducing effects of
the plasma protein encoded by the obese gene, Science 269:543,
1995.



106 SECTION 11

Halle M, Berg A, Garwers U, et al: Concurrent reductions of serum leptin
and lipids during weight loss in obese men with type Il diabetes, Am
J Physiol 277:E277,1999.

Hamilton BS, Paglia D, Kwan AY, Deitel M: Increased obese mRNA
expression in omental fat cells from massively obese humans,
Nat Med 1:953, 1995.

Hayashi T, Wojtaszewski JF, Goodyear LJ: Exercise requlation of glucose
transport in skeletal muscle, Am J Physiol 273:£1039, 1997.

Hickey MS, Houmard JA, Considine RV, et al: Gender-dependent effects
of exercise training on serum leptin levels in humans, Am J Physiol
272:£562,1997.

Horohov DW, Dimock AN, Gurinalda, PD, et al: Effects of exercise on the
immune response of young and old horses, Am J Vet Res 60:643,
1999.

Horton R: Sex steroid production and secretion in the male, Andrologia
10(3):183,1978.

Hotta K, Funahashi T, Arita Y, et al: Plasma concentrations of a novel,
adipose-specific protein, adiponectin, in type 2 diabetic patients,
Arterioscler Thromb Vasc Biol 20:1595, 2000.

Houmard JA, Cox JH, MacLean PS, Barakat HA: Effect of short-term exercise
training on leptin and insulin action, Metabolism 49:858, 2000.

Hulver MW, Zheng D, Tanner CJ, et al: Adiponectin is not altered with
exercise training despite enhanced insulin action, Am J Physiol Endo-
crinol Metab 283:E861, 2002.

Hyyppa S: Effects of nandrolone treatment on recovery in horses after
strenuous physical exercise, J Vet Med A Physiol Pathol Clin Med
48:343, 2001

Hyyppa S, Saastamoinen M, Poso AR: Restoration of water and electrolyte
halance in horses after repeated exercise in hot and humid conditions,
Fquine Vet J 22(Suppl):108, 1996.

Hyyppa S, Saastamoinen M, Poso AR: Effect of a post exercise fat-
supplemented diet on muscle glycogen repletion, Equine Vet J
30(Supp!):493, 1999.

Irvine CHG: Thyroxine secretion rate in the horse under various physio-
logical states, / Endocrinol 39:313, 1967.

Jaussaud P, Audran M, Gareau RL, et al: Kinetics and haematological
effects of erythropoietin in horses, Vet Res 25:1, 1994,

Jentjens RL, Jeukendrup AE: Prevalence of hypoglycemia following pre-
exercise carbohydrate ingestion is not accompanied by higher insulin
sensitivity, Int J Sport Nutrition Exerc Metab 12:398, 2002.

Jimenez MA, Hinchcliff KW, Farris JW: Catecholamine and cortisol
responses of horses to incremental exertion, Vet Res Commun 22:107,
1993.

Jones GS, Madigal-Castro V: Hormonal findings in association with
abnormal corpus luteum function in the human: the luteal phase
defect, Fertil Steril 21:1,1970.

Jurkowski JE, Jones NL, Walker WG, et al: Ovarian hormonal responses to
exercise, J/ App Physiol 44:109, 1978.

Karamouzis |, Karamouzis M, Vrabas IS, et al: The effects of marathon
swimming on serum leptin and plasma neuropeptide Y levels,
(lin Chem Lab Med 40:132, 2002.

Karkoulias K, Habeos I, Charokopos N, et al: Hormonal responses to
marathon running in non-elite athletes, Eur J Intern Med 19:598,
2008.

Kearns CF, Lenhart JA, McKeever KH: Cross-reactivity between human
erythropoietin antibody and horse erythropoietin, Electrophoresis
21:1454, 2000.

Kearns CF, McKeever KH, Roegner V, et al: Adiponectin and leptin are
related to fat mass in horses, The Veterinary Journal 172:460—465,
2006.

Keizer HA, Poortman J, Bunnink GS: Influence of physical exertion on sex
hormone metabolism, J App Physiol 48:765, 1980.

Kojima M, Hosoda H, Date Y, et al: Ghrelin s a growth-hormone-releasing
acylated peptide from stomach, Nature 402:656, 1999.

Kokkonen UM, Hackzell M, Rasanen LA: Plasma atrial natriuretic peptide
in standardbred and Finnhorse trotters during and after exercise, Acta
Physiol Scand 154:51,1995.

Kokkonen UM, Hyyppa S, Poso AR: Plasma atrial natriuretic peptide
during and after repeated exercise under heat exposure, Equine Vet J
30(Suppl): 184, 1999.

Kokkonen UM, Poso AR, Hyyppa S, et al: Exercise-induced changes in atrial
peptides in relation to neuroendocrine responses and fluid balance in
the horse, J Vet Med A Physiol Pathol Clin Med 49:144, 2002.

Kosunen KJ, Pakarinen AJ: Plasma renin, angiotensin Il, and plasma and
urinary aldosterone in running exercise, J Appl Physiol 41:26, 1976.

PHYSIOLOGY OF EXERCISE AND PERFORMANCE

Kraemer RR, Johnson LG, Haltom R, et al: Serum leptin concentrations in
response o acute exercise in postmenopausal women with and
without hormone replacement therapy, Proc Soc Exp Biol Med
221:171,1999a.

Kraemer WJ, Hakkinen K, Newton RU, et al: Effects of heavy-resistance
training on hormonal response patterns in younger vs. older men,
J App Physiol 87:982, 1999b.

Kraemer W), Marchitelli L, Gordon SE, et al: Hormonal and growth
factor responses to heavy resistance exercise protocols, J Applied
Physiol 69:1442, 1990.

Laughlin GA, Yen SSC: Hypoleptinemia in women athletes: absence of a
diurnal rhythm with amenorrhea, J Clin Endocrinol Metab 82:318,
1997.

Leal-Cerro A, Garcia-Luna PP, Astorga R, et al: Serum leptin levels in
male marathon athletes before and after the marathon run, J Clin
Endocrinol Metab 83:2376, 1998.

Li WI, Chen CL: Running and shipping elevate plasma levels of beta-
endorphin-like substance (B-END-LI) in thoroughbred horses, Life Sci
40:1411,1987.

Loucks AB, Verdun M, Heath EM: Low energy availability, not stress of
exercise, alters LH pulsatility in exercising women, J App Physiol
84:37,1998.

Maeda S, MiyauchiT, WakuT, et al: Plasma endothelin-1 level in athletes
after exercise in a hot environment: exercise-induced dehydration
contributes to increases in plasma endothelin-1, Life Sci 58:1259,
1996.

Malinowski K, Betros CL, Flora L, et al: Effect of training on age-related
changes in plasma insulin and glucose, Equine Vet J 34(Suppl):147,
2002.

Malinowski K, Christensen RA, Konopka A, et al: Feed intake, body
weight, body condition score, musculation, and immunocompe-
tence in aged mares given equine somatotropin, J Anim Sci
75:755,1997.

Malinowski K, Shock £, Roegner V, et al: Plasma [3-endorphin, cortisol,
and immune responses to acute exercise are altered by age and
exercise training in horses, Equine Veterinary Journal Suppl. 36:
2267-2273, 2006.

Manohar M, Hutchens E, Coney E: Pulmonary haemodynamics in the
exercising horse and their relationship to exercise-induced pulmo-
nary haemorrhage, Br Vet / 149:419, 1993.

Masuda Y, Tanaka T, Inomata N, et al: Ghrelin stimulates gastric acid
secretion and motility in rats, Biochem Biophys Res Commun 276:
905, 2000.

Matkovic V, Jelic T, Wardlow GM, et al: Timing of peak bone mass in
Caucasian females and its implication for the prevention of osteopo-
rosis: inference from a cross-sectional model, J Clin Invest 93:
799, 1994,

Matson CA, Reid DF, Ritter RC: Daily CCK injection enhances reduction of
body weight by chronic intracerebroventricular leptin infusion, Am J
Physiol Regul Integr Comp Physiol 282:R1368, 2002.

McCarthy RN, Jeffcott LB, Funder JW, et al: Plasma beta-endorphin and
adrenocorticotrophin in young horses in training, Aust Vet / 68:359,
1991.

McColl EM, Wheeler GD, Bhanbhani Y, and Cumming DC: The effects of
acute exercise on pulsatile LH release in high-mileage male runners,
(lin Endocrinol 31:617, 1989.

McKeever KH: Erythropoietin: a new form of blood doping in horses. In
Wade J, editor: Proceedings of the 11th international conference of racing
analysts and veterinarians, Newmarket, UK, 1996, R&W Press, p 79.

McKeever KH: Fluid balance and renal function in exercising horses. In
Hinchcliff KW, editor: Vet clinics of North America: equine practice:
fluids, electrolytes and thermorequlation in horses, Philadelphia, PA,
1998, WB Saunders, p 23.

McKeever KH: Sympatholytic and sympathomimetics. In Hinchcliff KW,
Sams RA, editors: Vet clinics of North America: equine practice: fluids,
electrolytes and thermoregulation in horses, Philadelphia, 1998,
WB Saunders.

McKeever KH: The endocrine system and the challenge of exercise,
Vet Clin North Am Equine Pract 18:321, 2002.

McKeever KM, Agans JM, Geiser S: Effect of recombinant human eryth-
ropoietin administration on red cell volume, aerobic capacity, and
performance in Standardbred horses. ProcT6th Equine Nutr Physiol
Society Symp 1999, p 163.

McKeever KH, Antas LA, Kearns CF: Endothelin response during exercise
in horses, Vet J 164:41, 2002.

McKeever KH, Geiser S, Kearns CF: Role of the renin-angiotensin aldoste-
rone cascade in the pulmonary artery pressure response to exercise
in horses, Physiologist 43:356, 2000.

McKeever KH, Hinchcliff KW: Neuroendocrine control of blood volume,
blood pressure, and cardiovascular function in horses, Equine Vet J
18(Suppl):77, 1995.

McKeever KH, Hinchcliff KW, Cooley JL: Acute volume load during exercise
in horses: atrial natriuretic peptide, vasopressin, and hemodynamics,
Med Sci Sports Exerc 23:5104, 1991.

McKeever KH, Hinchcliff KW, Cooley JL, et al: Arterial-venous difference
in atrial natriuretic peptide concentration during exercise in horses,
Am J Vet Res 53:2174, 1992a.

McKeever KH, Hinchcliff KW, Cooley JL, et al: Furosemide magnifies the
exercise-induced elevation of plasma vasopressin concentration in
horses, Res Vet Sci 55:101, 1993.

McKeever KH, Hinchcliff KW, Schmall LM, et al: Renal tubular function
in horses during submaximal exercise, Am J Physiol 261:R553, 1991a.

McKeever KH, Hinchcliff KW, Schmall LM, et al: Atrial natriuretic peptide
during exercise in horses. In Persson SGB, Lindholm A, Jeffcott LB,
editors: Fquine exercise physiology 3, Davis, CA, 1991b, ICEEP Press,
p 368.

McKeever KH, Hinchcliff KW, Schmall LM, et al: Changes in plasma renin
activity, aldosterone, and vasopressin, during incremental exercise in
horses, Am J Vet Res 53:1290, 1992b.

McKeever KH, Malinowski, K: Endocrine response to exercise in young
and old horses, Equine Vet J 30(Suppl):561, 1999.

McKeever KH, Malinowski K, Christensen RA, et al: Chronic equine
somatotropin administration does not affect aerobic capacity or
indices of exercise performance in geriatric horses, Vet 155:19, 1997.

McKeever KH, McNally BA, Kirby KM, et al: Effect of erythropoietin on
plasma and red cell volume, Y0y, and hemodynamics in exercising
horses, Med Sci Sports Exerc 25:525, 1993b.

McKeever KH, Scali R, Geiser S, Kearns CF: Plasma aldosterone concen-
tration and renal sodium excretion are altered during the first days
of training, Equine Vet J 34(Suppl):524, 2002b.

McKeever KH, Schurg WA, Convertino VA: Exercise training-induced hyper-
volemia in greyhounds: role of water intake and renal mechanisms,
Am ] Physiol 248:R422, 1985.

McKeever KH, Schurg WA, Jarrett SH, Convertino VA: Exercise training-
induced hypervolemia in the horse, Med Sci Sports Exerc 19:21, 1987.

McLaren DPM, Gibson H, Parry—Billings M, et al: A review of metabolic
and physiological factors in fatigue. In Pandolf KB, editor: Exercise and
sports science reviews, Baltimore, MD, 1989, Williams & Wilkins, p 29.

McManus CJ, Fitzgerald BP: Effects of a single day of feed restriction on
changes in serum leptin, gonadotropins, prolactin, and metabolites
inaged and young mares, Domest Anim Endocrinol 19:1, 2000.

Mehl, ML, Schott HC, Sarkar DK et al: Effects of exercise intensity
on plasma®-endorphin concentrations in horses, Am J Vet Res 61:969,
2000.

Milledge JS, Cotes PM: Serum erythropoietin in humans at altitude and
its relation to plasma renin, J Appl Physiol 59:360, 1985.

Moseley L, Lancaster GI, Jeukendrup AE: Effects of timing of pre-exercise
ingestion of carbohydrate on subsequent metabolism and cycling
performance, £ur J App Physiol 88:453, 2003.

MuletT, Pico G, Oliver P, Palou A: Blood leptin homeostasis: sex-associated
differences in circulating leptin levels in rats are independent of tissue
leptin expression, Int J Biochem Cell Biol 35:104, 2003.

Murakami N, Hayashida T, Kuroiwa T, et al: Role for central ghrelin in food
intake and secretion profile of stomach ghrelin in rats, J Endocrinol
174:283, 2002.

Murray MJ, Grodinsky C, Anderson CW, et al: Gastric ulcers in horses:
a comparison of endoscopic findings in horses with and without
clinical signs, Equine Vet J 7(Suppl):68, 1989.

Murray RC, Veedi S, Birch HL, et al: Subchondral bones thickness, hardness
and remodeling are influenced by short-term exercise in a site specific
manner, J Orthop Res 19:1035, 2001.

Nagata S, Takeda F, Kurosawa M, et al: Plasma adrenocorticotropin,
cortisol and catecholamines response to various exercises, Fquine Vet
J30(Suppl):570, 1999.

Nindl BC, KraemerWJ, Deaver DR, et al: Luteinizing hormone secretion and
testosterone concentrations are blunted after acute heavy resistance
exercise in men, J App Physiol 91:1251, 2001.

Nyman S, Kokkonen UM, Dahlborn K: Changes in plasma atrial natriuretic
peptide concentration in exercising horses in relation to hydration
status and exercise intensity, Am J Vet Res 59:489, 1998.



CHAPTER 7 Endocrine and Immune Responses to Exercise and Training

Olive JL, Miller GD: Differential effects of maximal- and moderate-intensity
runs on plasma leptin in healthy trained subjects, Nutrition 17:365,
2001.

Otto B, Cuntz U, Fruehauf E, et al: Weight gain decreases elevated plasma
ghrelin concentrations of patients with anorexia nervosa, £ur J Endocrinol
145:669, 2001.

Pagan JD, Harris PA: The effects of timing and amount of forage and
grain on exercise response in thoroughbred horses, Equine Vet J
30(Suppl):451, 1999.

Pascoe JR: Exercise-induced pulmonary hemorrhage: a unifying concept.
Proc Am Assoc Equine Prac 42:220, 1996.

Persson SGB: On blood volume and working capacity, Acta Vet Scand
19(Suppl):1, 1967.

Piercy RJ, Swardson CJ, Hinchcliff KW: Erythroid hypoplasia and anemia
following administration of recombinant human erythropoietin to
two horses, / Am Vet Med Assn 212:244, 1998.

Plummer C, Knight PK, Ray SP, et al: Cardiorespiratory and metabolic
effects of propranolol during maximal exercise. In Persson SGB,
Lindholm A, Jeffcott LB, editors: Equine exercise physiology 3, Davis,
19971, ICEEP Press, p 465.

Poso AR, Hyyppa S: Metabolic and hormonal changes after exercise in
relation to muscle glycogen concentrations, Equine Vet /30(Suppl):332,
1999.

Raastad T, Bjoro T, Hallen J: Hormonal responses to high- and moderate-
intensity strength exercise, £ur J App Physiol 82:121, 2000.

Racette SB, Coppack SW, Landt M, Klein S: Leptin production during
moderate-intensity aerobic exercise, J Clin Endocrinol Metab 82:2275,
1997.

Ralston SL: Effect of soluble carbohydrate content of pelleted diets on
postprandial glucose and insulin profiles in horses, Pferdeheilkunde
3:112-115,1992.

Reidy SP Weber JM: Accelerated substrate cycling: a new energy-wasting
role for leptin in vivo, Am J Physiol 282:E312, 2002.

Reseland JE, Anderssen SA, Solvoll K, et al: Effect of long-term changes
in diet and exercise on plasma leptin concentrations, Am J Clin Nutr
73:240, 2001.

Richter EA, Emmeluth C, Bie P et al: Biphasic response of plasma
endothelin-1 concentrations to exhausting submaximal exercise in
man, J Clin Physiol 14:379, 1994,

Richter R, Magert H, Mifune H, et al: Equine cardiodilatin/atrial natriuretic
peptide: primary structure and immunohistochemical localization in
auricular cardiocytes, Acta Anat (Basel) 62:185, 1998.

Rigamonti AE, Pincelli Al, Corra B, et al: Plasma ghrelin concentrations
in elderly subjects: comparison with anorexic and obese patients,
JEndocrinol 175:R1, 2002.

SUGGESTED READING

Rogol AD, Weltman A, Weltman JY: Durability of the reproductive axis in
eumenorrheic women during 1 year of endurance training, J App
Physiol 72(4):1571,1992.

Rose RJ, Hodgson DR, Sampson D, et al: Changes in plasma biochemistry in
horses competing in a 160 km endurance ride, Aust Vet /60:101, 1983.

Rose RJ, Sampson D: Changes in certain metabolic parameters in horses
associated with food deprivation and endurance exercise, Res Vet Sci
32:198,1982.

Rossi, NF: Effect of endothelin-3 on vasopressin release in vivo and
water excretion in vivo in Long-Evans rats, J Physiol 461:501, 1993.
Rowell LB: Human cardiovascular control, New York, 1993, Oxford

University Press, p 441.

Rubany GM, Shepherd JT: Hypothetical role of endothelin in the control
of the cardiovascular system. In Rubanyi GM, editor: Endothelin,
New York, 1992, Oxford University Press, p 258.

Saad MF, Damani S, Gingerich RL, et al: Sexual dimorphism in plasma
leptin concentration, J Clin Endocrinol Metab 82:579, 1997.

Saper (B, Chou TC, Elmquist JK: The need to feed: homeostatic and
hedonic control of eating, Neuron 36:199, 2002.

Saris WH: The concept of energy homeostasis for optimal health during
training, Can J App! Physiol 26(Suppl):5167, 2001.

Schmidt ED, Binnekade R, Janszen AW, Tilders F): Short stressor induced long-
lasting increases of vasopressin stores in- hypothalamic corticotropin-
releasing hormone (CRH) neurons in- adult rats, J Neuroendocrinol
8703, 19%.

Schmidt W, Eckardt KU, Hilgendorf A, et al: Effects of maximal and
submaximal exercise under normoxic and hypoxic conditions on
serum erythropoietin levels, Int J Sports Med 12:457,1991.

Schwartz MW, Woods SC, Porte D, Jr,, et al: Central nervous system
control of food intake, Nature 404:661, 2000.

Semple GG, Thompson JA, Beastall GH: Endocrine response to marathon
running, Br J Sports Med 19:148, 1985.

Sexton WL, Erickson HH: Effect of propranolol of cardiorespiratory
function in the pony during submaximal exercise, Equine Vet J
18:485, 1986.

Sinha—Hikim 1, Artaza J, Woodhouse L, et al: Testosterone-induced
increase in muscle size in healthy young men is associated with
muscle fiber hypertrophy, Am J of Physiol Endocrinol Metab
283(1):E154, 2002.

Snow DH, MacKenzie G: Some metabolic effects of maximal exercise in
the horse and adaptations with training, Equine Vet J 9:134, 1977.
Snow DH, Rose RJ: Hormonal changes associated with long distance

exercise, Equine Vet J13:195, 1981.

Souillard A, Audran M, Bressolle F. et al: Pharmacokinetics and haema-

tological parameters of recombinant human  erythropoietin after

107

subcutaneous administrations in horses, Biopharm Drug Disposition
17:805, 1996.

Sugino T, Hasegawa Y, Kikkawa Y, et al: A transient ghrelin surge occurs
just before feeding in a scheduled meal-fed sheep, Biochem Biophys
Res Commun 295:255, 2002.

Torjman MG, Zafeiridis A, Paolone AM, et al: Serum leptin during recovery
following maximal incremental and prolonged exercise, Int J Sports
Med 20:444,1999.

Toutain PL, Lassourd V, Popot MA, et al: Urinary cortisol excretion in the
resting and exercising horse, Equine Vet /18(Suppl):457, 1995.

Volek JS, Boetes M, Bush JA, et al: Testosterone and cortisol in relation-
ship to dietary nutrients and resistance exercise, J App Physiol
82:49,1997.

Wade CE: Response, requlation, and actions of vasopressin during exercise;
a review, Med Sci Sports Exerc 16:506, 1984,

Weltman A, Pritzlaff CJ, Wideman L, et al: Intensity of acute exercise
does not affect serum leptin concentrations in young men, Med Sci
Sports Exerc 32:1556, 2000.

Williams CA, Kronfeld DS, Staniar WB, et al: Plasma glucose and insulin
responses of Thoroughbred mares fed a meal high in starch and sugar
or fat and fiber, J Anim Sci 79:2196, 2001a.

Willmore JH, Costill DL: Hormonal regulation of exercise. In Willmore, JH,
Costill DL, editors: Physiology of sport and exercise: human kinetics,
Champaign, IL, 1994, p 122.

Winterer J, Cutler, Jr., GB, Loriaux DL: Caloric balance, brain to body ratio,
and the timing of menarche, Med Hypotheses 1587, 1984.

Wren AM, Seal LJ, Cohen MA, et al: Ghrelin enhances appetite and
increases food intake in humans, J Clin Endocrinol Metab 86:
5992,2001.

Yarasheski KE: Growth hormone effects on metabolism, body composi-
tion muscle mass, and strength. In Holloszy JO, editor: Exercise
and sport sciences reviews, Philadelphia, PA, 1994, Williams and
Wilkins, p 285.

Zambraski EJ: Renal requlation of fluid homeostasis during exercise. In
Gisolfi CV, Lamb DR, editors: Perspectives in exercise science and sports
medicine: fluid homeostasis during exercise, vol 3, Carmel, IN, 1990,
Benchmark Press, p 245.

Zambraski EJ, Tucker MS, Lakas CS, et al: Mechanism of renin release in
exercising dog, Am J Physiol 246:E71, 1984.

Zhang Y, Matheny M, Zolotukhin S, et al: Regulation of adiponectin and
leptin gene expression in white and brown adipose tissues: influence
of beta3-adrenergic agonists, retinoic acid, leptin and fasting,
Biochim Biophys Acta 1584. 2-3):115, 2002.

Zhang Y, Proenca R, Maffei M, et al: Positional cloning of the mouse
obese gene and its human homologue, Nature 372:425, 1994.

Ahlborg G, Weitzberg E, Lundberg J: Metabolic and vascular effects
of circulating endothelin-1 during moderately heavy prolonged
exercise, J Appl Physiol 78:2294, 1995.

Alexander SL, Irvine CH, Ellis MJ, et al: The effect of acute exercise on the
secretion of corticotropin—releasing factor, arginine vasopressin, and
adrenocorticotropin as measured in pituitary venous blood from the
horse, Endocrinology 128:65, 1991.

Berg AH, Combs TP, Du X, et al: The adipocyte-secreted protein Acrp30
enhances hepatic insulin action, Nat Med 7:947, 2001.

Cadoux—Hudson TA, Few JD, Imms FJ: The effect of exercise on the
production and clearance of testosterone in well trained young men,
Eur J App Physiol Occupation Physiol 54:321, 1985.

Choi BR, Palmquist DL: High fat diets increase plasma cholecystokinin
and pancreatic polypeptide, and decrease plasma insulin and feed
intake in lactating cows, J Nutr 126:2913, 1996.

(laybaugh JR, Pendergast DR, Davis JE, et al: Fluid conservation in
athletes: responses to water intake, supine posture, and immersion,
J Appl Physiol 61:7,1986.

Dybdal NO, Gribble D, Madigan JE, et al: Alterations in plasma cortico-
steroids, insulin and selected metabolites in horses used in endurance
rides, Equine Vet J12:137, 1980.

Filep JG, Battistini B, Sirois, P: Endothelin induces thromboxane release
and contraction of isolated quinea-pig airways, Life Sci 47:1845,
1990.

Freestone JF, Shoemaker K, Bessin R, et al: Insulin and glucose response
following oral glucose administration in well-conditioned ponies,
Fquine Vet J 11(Suppl):13, 1992.

Freestone JF, Shoemaker K, Bessin R, et al: Insulin and glucose response
following oral glucose administration in well-conditioned ponies,
Equine Vet J 11(Suppl):13, 1992.

Freund BJ, Claybaugh JR, Hashiro GM, et al: Hormonal and renal
responses to water drinking in moderately trained and untrained
humans, Am J Physiol 254:R417, 1988a.

Golland LC, Evans DL, Stone GM, et al: Plasma cortisol and beta-
endorphin concentrations in trained and over-trained standardbred
racehorses, Pflugers Arch 439:11,1999.

Guthrie GP. Cecil SG, Kotchen TA: Renin, aldosterone and cortisol in the
Thoroughbred horse, / Endocr 85:49, 1980.

Hoekstra KE, Nielsen BD, Orth MW, et al: Comparison of bone mineral
content and biochemical markers of bone metabolism in stall-vs.
pasture-reared horses, Fquine Vet J 30(Suppl):601, 1999.

Jablonska EM, Ziolkowska SM, Gill J, et al: Changes in some haemato-
logical and metabolic indices in young horses during the first year of
jump-training, Equine Vet J 23:309, 1991.

LassourdV, Gayrard V, Laroute V, et al: Cortisol disposition and produc-
tion rate in horses during rest and exercise, Am J Physiol 271:
R25, 1996.

Lucke JN, Hall GN: Further studies on the metabolic effects of long
distance riding: Golden Horseshoe Ride 1979, Equine Vet J 12:189,
1980.



Exercise requires derivation of energy for muscular contrac-
tion from the conversion of stored chemical energy to
mechanical energy. This process is relatively inefficient, and
about 80% of the energy released from energy stores is lost as
heat. Effective dissipation of this heat load is required if life-
threatening elevations in body temperature are to be avoided.
The physiologic mechanisms that result in this heat dissipation,
governed by the thermoregulatory system, are essential if the
horse is to function as an athletic animal (Astrand and Rodahl,
1979; Brody, 1945).

The primary means of heat dissipation in the horse is
evaporation of sweat, particularly in warm ambient conditions.
Evaporative cooling is an efficient mechanism enabling horses
to perform a variety of athletic events, with only relatively
minor elevations in body temperature. However, exercise-
induced heat stress can occur when heat production during
exercise exceeds heat dissipation and body temperature
reaches critical levels. This is likely when animals are forced
to exercise in adverse environmental conditions (i.e., high
temperature and humidity), when they have been inade-
quately conditioned, or when they are suffering an impair-
ment of the thermoregulatory system (anhidrosis) (Hafez,
1986; McCutcheon and Geor, 1998). Careful preparation for
athletic events, monitoring during events, and early recogni-
tion of impending signs of heat stress will minimize the risk
of development of life-threatening hyperthermia. Examples
of the effectiveness in devising strategies for horses coping
with a combination of adverse environmental conditions
with large exercise-induced heat loads occurred prior to the
Olympic Games in Atlanta. Equestrian events were held in
the summer when heat and humidity were high. By utilizing
acclimatization strategies, advanced cooling techniques, con-
ducting events when ambient temperatures and solar heat
gain was minimized, and modifications to the length of com-
petition, heat illness was avoided in horses performing in
those competitions (Jeffcott and Kohn, 1999).

Horses have coped with temperatures as variable as 58°C
in Northern Australia to at least —40°C in western Canada,
Scandinavia, and Russia. Despite large fluctuations in environ-
mental temperature, horses are able to maintain their internal
body temperature within a very narrow range by elaborate ther-
moregulatory mechanisms. The basis of this thermoregulatory
control mechanism is via alterations in blood flow that allows
regulation of heat flow between the animal and its environ-
ment (Cymbaluk and Christison, 1990).

*The authors acknowledge the work of Finola McConaghy on this chapter in the previous edition.
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MECHANISMS OF HEAT TRANSFER

Heat will flow from one area to another by four basic mech-
anisms: (1) radiation, (2) convection, (3) conduction, and
(4) evaporation (Monteith, 1973; Yousel, 1985). Homeothermy
requires that heat produced or gained from the environment
equals heat loss to the environment, as indicated by the
following equation (Yousel, 1985):

Gains = Losses
M-W=*R*Cx*xK+E

where:

M = metabolic heat production
W = mechanical work

R = heat exchange by radiation

C = heat exchange by convection
K = heat exchange by conduction
E = heat exchange by evaporation

RADIATION

Radiation involves the movement of heat between objects with-
out direct physical contact via electromagnetic radiation of two
distinct types: (1) Short-wave, or solar, radiation is received
from the sun by any object exposed to sunlight. (2) Long-
wave radiation is emitted and absorbed by the surfaces of all
organisms and relates to heat interchanges between an animal
and its surroundings (Astrand and Rodahl, 1979).

The heat load from solar radiation, both direct and reflected,
can be significant in hot environments, where animals are
exposed to sunlight for prolonged periods. When an animal
is standing in bright sunlight, the amount of solar radiation
absorbed may substantially exceed its own metabolic heat
production.

CONVECTION

Convection occurs within all fluids (including gasses such as
air) due to the mixing of particles within that milieu. Tempe-
rature differences within the fluid result in a difference in the
density of the fluid particles. Warm particles are less dense and
will rise, whereas cold particles fall. Free convective heat trans-
fer takes place at the surface of a solid body within a fluid
medium, which is at a different temperature. This type of trans-
fer takes place continuously between the surface of the body
and the surrounding air. Forced convective heat transfer occurs
if there are fluid movements induced by gross pressure differ-
ences, for example, caused by wind blowing across the body
surface. Free convection at the skin surface can result in
significant heat losses if ambient air temperatures are low




(Astrand and Rodahl, 1979). A hair coat will entrap a layer of
air close to the skin and resist convective heat transfer; this is
the purpose of a hair coat. Wind will increase forced convective
losses by disrupting this insulating layer. The hair coat of the
horse is generally fine and sleek in summer to aid heat loss,
whereas in winter a thick hair coat develops, in association with
acclimatization to cold stress, resulting in increased insulation.

CONDUCTION

Direct transfer of heat between surfaces that are in contact
occurs as a result of conduction (Astrand and Rodahl, 1979).
In the standing horse, most of this transfer is to air, which has
poor thermal conductivity, and thus, conductive heat transfer
plays a small role in the total heat balance. However, this route
of heat transfer can become significant if the animal is lying
on a cool or wet surface or, indeed, if the horse is repeatedly
bathed in a cold fluid such as water.

A number of behavioral strategies are utilized by animals to
affect conductive heat exchange. Changes in posture can alter the
surface area available for heat exchange. For example, by lying
down and drawing the limbs close to the body, the surface area
can be reduced considerably. In contrast, morphologic adapta-
tion by burros and mules (long ears, short legs, and lean body
conformation) increases available surface area for convective heat
loss and may help increase heat tolerance (Bligh, 1973).

The extremities of animals, the limbs and head, have a high
surface area to mass ratio, and thus, maximal conductive heat
exchange can occur at these sites. Changes in surface tempera-
ture at these sites can be affected by alterations of skin blood flow.
The skin temperature of the horse, reflecting skin blood flow,
varies in direct proportion to ambient temperature, with greatest
temperature changes occurring at the extremities (Bligh, 1973).

At low ambient temperature, local vascular shunts direct
blood away from the extremities to reduce the rate of convective
heat loss, whereas at high temperatures, vasodilation occurs
to promote heat loss. An example of how horses utilize this
mechanism is seen when skin temperature falls from 26°C at an
ambient temperature of 25°C to 17°C at 15°C (ambient) and
even further vasoconstriction occurs at an ambient temperature
of 5°C, with skin temperature decreasing to 10°C (McCutcheon
and Geor, 1998; Rowell, 1986).

EVAPORATION

Evaporation is the principal means by which homeotherms such
as horses lose heat in warm environments via the physiologic
processes of panting, sweating, and insensible perspiration. The
conversion of water from liquid to vapor is an endothermic
process. Thus, evaporation of water at the surface of the body
results in heat loss. The exact amount of energy involved in this
process is dependent on the temperature and vapor pressure of
the surrounding air. The latent heat of vaporization of 1 g of
water is 598 calories (cal) (2501 joules [J]) at 0°C and 575 cal
(2406 J) at 40°C. Evaporation of 1 liter (L) of sweat in a human
being can remove 580 kcal (2428 kilojoules [K]]) from the body
(1 cal = 4.186 J) (Astrand and Rodahl, 1979).

The skin—ambient vapor pressure difference is the driving
force for vaporization. When the vapor pressure at the skin
surface reaches a maximum value, corresponding to satura-
tion at skin temperature, sweat rate exceeds evaporation rate,
and sweat drips off the skin without resulting in cooling. This
corresponds to the limit of the efficiency of sweating and is
usually associated with rising body temperature. This limit
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will be reached faster if the air vapor pressure is high, as
occurs in humid conditions.

During panting, inspired air is almost fully saturated with
water at a temperature similar to the deep body temperature
as it passes over the wet surfaces of the upper respiratory
tract. The associated heat loss is governed by the ambient air
humidity and respiratory ventilation rate. Although horses
do not pant routinely, there is evidence of considerable evapo-
rative heat loss from the respiratory tract during exercise in
response to normal ventilation (Hodgson et al, 1993).

Insensible perspiration involves the passage of water through
the skin by processes other than sweating. The skin is not im-
permeable to water, and thus, water can diffuse out as a result of
the skin—ambient vapor pressure gradient. In humans, approxi-
mately 10 milliliter per square meter per hour (mL/m¥hr) of
water passes through skin in ambient conditions, increasing to
30 mL/m?%hr in a warm environment. The average human has a
body surface area of 1.5 to 2.0 m? (Astrand and Rodahl, 1979).

REGULATION OF INTERNAL BODY
TEMPERATURE

Thermoregulatory mechanisms maintain the body temperature
of homeotherms within a narrow range by regulating heat pro-
duction and heat loss. A complex neurophysiologic process regu-
lates internal body temperature. The principal neuronal elements
of the thermoregulatory system are peripheral thermoreceptors,
the spinal cord, and the hypothalamus. Peripheral thermorecep-
tor organs are located in a number of locations, including skin,
the buccal cavity, skeletal muscle, the abdomen, regions of the
spinal cord, the medulla oblongata, and preoptic—anterior hypo-
thalamic region of the midbrain. These temperature-sensitive
structures are responsible for detection of a disturbance and pro-
duce proportional nerve impulses. For information from thermo-
sensitive receptors in several parts of the body to be translated
into appropriate instructions to the effector organs, there must
be convergence of the neural pathways from these temperature
sensors and transmission of this information to an interpretive
center. A coordinating center in the central nervous system
receives afferent nerve impulses and produces efferent impulses,
initiating a correction that is transmitted to the effector organs.
There is considerable evidence from experiments in a variety
of animal species that the hypothalamus may represent this inter-
pretive center. Thermal stimulation of peripheral temperature
sensors, the spinal cord, and the hypothalamus results in appro-
priate thermoregulatory effector activity. However, destruction
of the hypothalamus downregulates and even turns off thermo-
regulatory responses to local heating of all these structures.
This may be interpreted to suggest that the integrity of particular
hypothalamic areas is necessary for normal thermoregulation
and that most of the regulation of internal temperature occurs
as a function of the hypothalamus. Once the hypothalamus
signals the effector organs, these end organs are responsible
for correction of the initial disturbance, which, in turn, results
in reduction of stimulation by the sensory organs as thermoregu-
lation is effected (Rowell, 1986).

PHYSIOLOGIC THERMOREGULATORY
MECHANISMS FOR HEAT LOSS

The thermoregulatory system utilizes various mechanisms of
heat flow to effect heat loss from the body. Highly effective
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mechanisms for dissipating heat include sweating and panting
(or elevated respiratory volume), which exploit the significant
heat loss associated with the evaporation of water, in addition
to convective heat loss. The cardiovascular system has a criti-
cal role in thermoregulation, with blood flow being used as a
means for heat transfer from sites of heat production within
the body core to areas where dissipation of heat can occur,
primarily skin and the respiratory tract (Hodgson et al., 1993).

MECHANISMS OF EVAPORATIVE HEAT LOSS

The principal physiologic thermoregulatory mechanisms
that utilize the vaporization of water from the body surface
are panting or increased respiratory volume and sweating.
Hominoidae, including humans, and Equidae (horses, mules,
donkeys, etc.) are the only species that depend on sweating
as the primary mechanism for thermoregulation, whereas
sheep, dog, and pig rely much more on respiratory heat loss
(McLean, 1973).

Panting or increased respiratory volume has advantages
over sweating in that its efficiency is not limited by the hair
coat, which can insulate the animal against both radiant heat
and the effects of cold, as well as reducing fluid and electrolyte
losses in sweat. However, disadvantages of panting exist, par-
ticularly during exercise, when there is competition between
the need for appropriate gaseous exchange and optimum
evaporative heat loss (Ingram, 1975).

Humans versus Horses

Sweating is the most important means of heat loss in humans,
with respiratory heat loss accounting for only 11% of total heat
loss in a thermoneutral environment. This percentage increases
with rising core temperature (Astrand and Rodahl, 1979).

Similar to humans, horses rely primarily on sweating for
heat loss, with the respiratory tract contributing to heat loss,
particularly during exercise. Respiratory frequency has been
reported to be dependent on environmental temperature dur-
ing rest and exercise, increasing 1.9 breaths/min for every 1°C
increase in ambient temperature. Investigations of the exact
proportion of heat dissipated by the respiratory tract have
reported different values depending on the type of horse, the
ambient temperature, and the exercise intensity. Ponies at rest
in ambient conditions (21 to 23°C) lose 14% to 22% of total
heat production by pulmonary ventilation, whereas horses in
a cooler environment of 16°C have respiratory heat loss of
38% at rest and 17% during maximal exercise. Although
horses do not normally pant, if evaporation of sweat is limited
by high humidity or anhidrosis, they may experience heat-
induced tachypnea. Pulse-respiration inversion (respiratory
rate in excess of heart rate), frequently shown by endurance
horses during recovery from exercise in hot humid environ-
ments, is likely a form of panting in horses (Geor and
McCutcheon, 1996).

The reliance of humans and horses on sweating may relate
to their need to lose heat during sustained activity. This is
supported by the greater sweat rate produced in horses result-
ing from epinephrine infusion compared with elevations of
environmental temperature.

In horses, rectal temperature is reported to be significantly
higher (~0.5°C greater) in hot environments than in thermo-
neutral environments. Such temperature variations may reflect
an adaptation to desert environments, similar to that seen in
camels. To limit the need for sweating, some species inhabiting
hot, arid environments have relatively labile body temperatures
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allowing storage of heat. Body temperatures of the camel may rise
to 41°C during the heat of the day and decrease to as low as 34°C
during the night. Such thermolability obviates the need for
evaporative cooling, thus resulting in a mechanism of conserving
water (Bligh, 1973).

EVAPORATIVE HEAT LOSS FROM THE RESPIRATORY
TRACT

Heat exchange occurs within the large surface area of the
upper respiratory tract. Inspired air is heated to body tem-
perature and saturated with water vapor by the time it
reaches the alveoli. During expiration, some heat passes
back to the mucosa, with resultant condensation of water.
The difference between initial heat transfer to the inspired
air and subsequent transfer back to the mucosa is the
mechanism of respiratory heat loss. The quantity of heat
loss depends on the environmental temperature and humid-
ity; the warmer and more humid the air, the smaller is the
heat loss. In some animals, panting increases ventilation
rate, resulting in greater heat loss from the respiratory tract
(Bligh, 1973).

EVAPORATIVE HEAT LOSS FROM SWEATING

Function of Sweat Glands

The glands of the general body surface of humans have a pri-
mary heat-regulatory function, whereas the glands on the
palms and soles are concerned with emotional responses and
are insensitive to heat. The sweat glands of the horse resemble
the sweat glands of humans in their heat-regulatory function
(Carlson, 1983).

Chemical Composition of Sweat: Humans

The ionic concentration of sweat in humans varies markedly
between individuals and is strongly affected by the sweating
rate and the state of heat acclimatization of the subject.
Human thermogenic sweat is hypotonic relative to plasma.
Sodium chloride is the main constituent, with the chloride
concentration being 30 to 50 millimolars (mM) and sodium
concentration 20 to 60 mM (Table 8-1). The concentration
of sodium chloride (NaCl) increases as sweat rate increases
initially. In fact, increased short-term high-intensity activity
results in increases in the concentrations of these electro-
lytes in serum and sweat. Thus, during short-term strenuous
exercise, the NaCl concentration may increase by up to 50%
above initial values. In contrast, prolonged exercise tends to
result in decreases in the concentration of electrolytes in
sweat (Amatruda and Welt, 1953).

Potassium concentration in sweat is only slightly higher
than that of plasma at low sweat rates (10 to 35 mM) and
decreases to 5 mM as sweat rate increases. Potassium secre-
tion is not affected by acclimatization or dietary intake. Sweat
calcium concentration similarly decreases with increasing
sweat rate from 3 to 10 mM to 1 to 2 mM. Bicarbonate con-
centration is 2 to 10 mM and tends to increase with sweat
rate. Traces of magnesium, iodide, phosphorus, sulfate, iron,
zinc, copper, cobalt, lead, manganese, molybdenum, tin, and
mercury are also present, as well as negligible amounts of
vitamins (Robinson and Robinson, 1954).

Formation of Sweat in Humans

In humans, a highly sophisticated mechanism for electrolyte re-
absorption is present in sweat glands. An ultrafiltrate of plasma-
like isotonic precursor fluid (Na* = 150 mM, Cl" = 124 mM) is



secreted by the secretory coil of the sweat gland. As the
precursor fluid flows through the duct, much of the sodium
chloride is reabsorbed in excess of water, resulting in sweat that
is hyposmotic.

The absorption of NaCl by the duct is due to active trans-
port of the Na* by a sodium—potassium (Na*—K*)-sensitive
adenotriphosphatase (ATPase). Na* diffuses passively from
the lumen to the cell interior and is then actively pumped out
from the cell to the interstitium at the peritubular cell mem-
brane in exchange for K*, with Cl~ passively following Na*
(Gordon and Cage, 1966).

The principal factor resulting in the reduction of NaCl in
sweat that occurs with prolonged heat exposure appears to be
an increase in activity of the pituitary—adrenal cortex mecha-
nism elicited by a salt deficiency.

Equine Sweat Composition

The composition of horse sweat during exercise, heat stress,
and epinephrine infusion has been measured by a number of
investigators. The concentration of electrolytes reported in
these studies is presented in Table 8-1. A number of methods of
sweat collection have been utilized in these studies, including
directly scraping sweat off the horse, collecting the drops that
run off the horse, and collecting the sweat onto absorbent pads.
Residual electrolytes from previous sweating and artificial
elevation due to evaporation also will alter the sweat composi-
tion. These methodologic problems may explain the signifi-
cantly higher electrolyte concentration reported by the early
investigators when compared with later studies (McCutcheon
and Geor, 1998; Smith, 1890).

Equine sweat, unlike that of humans, is hypertonic relative
to plasma, with a Na™ concentration similar or slightly higher
than plasma, Cl significantly higher, and K* 10 to 20 times
greater than serum concentrations. High-intensity exercise in
horses produces more dilute sweat than low-intensity pro-
longed exercise, a process that may be caused by increased
epinephrine concentrations that result during high-intensity
exercise. Epinephrine infusion results in production of more
dilute sweat than that occurring during exercise. Epinephrine
concentrations are elevated during exercise in horses, and sweat
in this species is produced in response to both sympathetic

TABLE 8-1 -
Electrolyte Composition of Equine and Human Sweat
- - Y —— =

Na* K* (3
HORSE
Jirka and Kotas, 1959 382 48 432
Soliman and Nadim, 1967 593 48 -
Carlson and Ocen, 1979 132 53 174
Kerr et al., 1980 146 55 199
Rose et al., 1980 249 78 301
Kerr et al., 1983 147 57 200
Plasma composition 139 37 100
MAN
Costill et al.,, 1977 50 47 40
Plasma composition 140 4 101
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nervous activity and circulating epinephrine (McCutcheon and
Geor, 1998).

Sweat produced by the horse has an unusually high concen-
tration of a protein relative to many other species. This protein
is referred to as latherin and is responsible for producing the
lather seen on horses after exercise. Latherin has a surfactant-
like action, promoting spreading and evaporation of sweat and
possibly aiding evaporation and cooling (Eckersall et al., 1982).

Innervation of the Sweat Glands

The primary sudomotor mechanism in humans is cholinergic,
whereas in the majority of other species this mechanism is
essentially adrenergic-sympathetic. Sweating appears to be
under sympathetic nervous control in the cow, sheep, goat,
pig, donkey, and horse. This innervation involves a-receptors
in the cow, sheep, and goat, a- and B-receptors in the dog, and
B-receptors in the horse (Evans, 1955).

The exact action of the nervous system on sweat glands
has not been elucidated. The final stimulus to the glands
must be humoral, either bloodborne or released from adja-
cent nerve endings. For example, sweat glands in humans
and horses and the footpads of dogs and cats have a nerve
supply closely associated with them. However, in the major-
ity of other species, there must be a nonneural peripheral
component in the sudomotor control mechanism. The sweat
glands of humans, dogs, and horses respond to adrenergic
and cholinergic drugs, whereas those of sheep and goats,
donkeys, and pigs respond to adrenergic but not cholinergic
substances (Snow, 1977).

Experimentally, sweating in horses can be stimulated by
intravenous and local injection of epinephrine. However, nor-
epinephrine, the usual adrenergic postganglionic neurotrans-
mitter, results in a minimal sweating response. Certainly,
during exercise, the circulating epinephrine concentration is
sufficient to cause sweating (Snow, 1977).

CIRCULATORY ADJUSTMENTS FOR
THERMOREGULATION

The flow of blood is a highly effective avenue for heat trans-
fer via conduction. By altering blood flow between various
organs, the cardiovascular system may act as a major ther-
moregulatory effector mechanism. Thermoregulation via
adjustments in blood flow is so efficient that thermal stability
under the range of thermoneutral conditions can be main-
tained by the balance between peripheral vasodilation and
vasoconstriction.

The principal means for the role of the cardiovascular sys-
tem as a thermoregulatory effector include (1) increasing the
cardiac output (9Q°) and (2) redistributing the cardiac output,
particularly blood flow to the skin (Rowell, 1986).

Skin Blood Flow

On exposure to heat, there is a resultant increase in blood flow
to skin, inducing conduction of heat to the surface of the body
and, thus, increasing skin temperature and facilitating con-
vective heat loss from the body to the environment. In more
severe heat stress, blood flow to skin also provides the latent
heat for vaporization of sweat and supplies fluid for sweat
production. In cold environments, reduced blood flow to skin
decreases skin temperature, thereby limiting heat loss from
the body (Rowell, 1986).

The anatomic arrangement of the skin vasculature is
designed to facilitate heat transfer. Three plexuses of vessels
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are present in skin such that a large volume of blood can be
redistributed to skin to maximize heat loss. Specialized ves-
sels, arteriovenous anastamoses (AVAs), are present in skin
and contribute to this process. AVAs are short vessels that con-
nect arteries and veins, and opening of these vessels results in
bypass of capillary beds, allowing a greatly increased blood
flow through skin.

Control of skin blood flow is primarily mediated by the
sympathetic nervous system. Response to heat involves
vasodilation of arterioles and AVAs, whereas vasoconstric-
tion in response to cold involves both arterioles and veins
(Rowell, 1986).

Cardiac Output

In response to heating, cardiac output (Q°) rises to maintain
central blood pressure in the face of increased skin blood flow.
In humans, cardiac output commonly increases 50% to 70%
in response to heat stress and may more than double if
the increase in core temperature exceeds 2°C. The increase
in sympathetic nervous activity associated with heat stress
results in a rise in heart rate and an increase in myocardial
contractile force and stroke volume (Rowell, 1986). The
alteration in Q° in the horse during heat stress is not well
understood.

Redistribution of Cardiac Output

Redistribution of Q° will differ among species, depending on
the relative importance of the two major heat loss mecha-
nisms: sweating and panting. In panting animals such as
sheep and dogs, heat stress causes major increases in blood
flow to respiratory muscles and the nasobuccal regions. How-
ever, in humans and horses, which rely on sweating for heat
loss, there is an increased blood flow to the skin (Hales, 1973;
Hodgson et al, 1993; Rowell, 1986).

Redistribution of Q° in response to heat stress has been
studied in ponies. Given the similarities between the thermo-
regulatory systems of horses and humans, similar responses
to heat stress appear to occur. Exact measurements of redis-
tribution of the Q° are not possible in humans. However, all
available estimates indicate that the entire increase in Q° that
occurs in heat stress is directed to the skin. In all the major
organs in which flow has been measured (splanchnic, renal,
and skeletal muscle), decreases in blood flow occur. The de-
crease in renal and splanchnic blood flows are in the order of
25% to 40% during significant heat stress. This matches the
situation that occurs in ponies with the degree of reduction
in cardiac output to the viscera directly relevant to the degree
of heat stress, exercise intensity, and duration of exercise
(McConaghy et al., 1996).

THERMOREGULATION DURING EXERCISE

In the 1930s, Nielsen demonstrated that a stable elevation of
internal body temperature occurs during exercise in humans
with this change proportional to the intensity of exercise and
relatively independent of environmental changes. In 1966,
Saltin and Hermansen further investigated this relationship
in humans and discovered that body temperature elevation
during exercise is related to the relative work load rather than
the absolute work load. A similar relationship is reported to
exist in horses. In 1949, Robinson first reported the linear
relationship between sweating rate and internal temperature
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in humans and observed that the elevated body core tempera-
ture during exercise triggers a heat-dissipation response that
is related to the magnitude of the elevation. These observa-
tions have been instrumental in the attempt to define tem-
perature regulation during exercise (Nielsen, 1939; Saltin
and Hermansen, 1966).

Under normal circumstances, during exercise, a metabolic
heat load is produced that is proportional to the intensity of the
exercise bout. This heat load is transferred from the working
muscles to the body core, resulting in elevation of core tem-
perature. Sweating is initiated at a certain core temperature,
dictated also by skin temperature, and sweating continues at
a rate proportional to the increase in core temperature. At some
point, determined by environmental conditions, the evapora-
tive rate will match the rate of energy production. At this point,
heat production will equal heat loss, and the body temperature
will become stable and constant at a higher than resting core
temperature (Rowell, 1986).

ENERGY EXCHANGES DURING EXERCISE

Heat transfer in the horse during exercise is depicted in
Figure 8-1. At the onset of exercise, the rate of heat produc-
tion in muscle greatly exceeds the rate of heat dissipation,
resulting in a rapid elevation of muscle temperature. Muscle
temperature can increase at a rate of 1°C per minute at the
beginning of strenuous exercise, and muscle temperatures
of 45°C have been reported in exercising horses. Heat flows
down the temperature gradient from the muscle to the sur-
rounding tissue primarily via convection. An additional small
amount of heat is transferred by direct conduction. The con-
vective transfer occurs as a result of blood flow through
the muscle. Muscle blood flow is greatly increased during
exercise, which both increases oxygen supply and enhances
removal of metabolic wastes and heat. Increases in blood flow
to the working muscles of the pony of more than 10-fold from
resting levels have been recorded (Hodgson et al., 1993;
McConaghy, 1996; McConaghy et al., 1996).
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FIGURE 8-1 Mechanisms for the transfer of heat within the body of a
horse during exercise. Heat is gained as a byproduct of muscular work
and via radiation from the environment. Heat load is dissipated via
evaporative, convective, and conductive mechanisms. BF = blood flow



During the early minutes of exercise, core blood is heated
with heat storage exceeding heat dissipation, and core tem-
perature rises in proportion to the exercise intensity. The rise
in core temperature during exercise has a number of advan-
tages. It allows storage of heat, which reduces the amount of
heat that must be dissipated. In addition, a moderate elevation
of muscle temperature results in an improvement of muscular
performance, facilitates oxygen release from the RBCs, and
augments an increase in maximal heart rate. Metabolic reac-
tions are accelerated, and enzyme activity is enhanced by
moderate increases in temperature; thus, energy production
is faster when core temperature is elevated (Astrand and
Rodahl, 1979).

The core temperature rises slowly when compared with the
temperature of muscle and blood in the central circulating
pool, reflecting the large amount of energy that can be stored
within the entire body mass. As the rate of heat dissipation
rises to balance the rate of heat production, the core tempera-
ture reaches a plateau and remains relatively stable for the
duration of exercise. The rise in the core temperature stimu-
lates centrally located thermoreceptors, causing an increase in
blood flow to skin and the initiation of sweating. The increase
in skin blood flow transfers heat to skin for dissipation. The
net transfer of heat from muscles to skin for dissipation
depends on the core—to—skin temperature gradient. Skin
temperature is initially lower than the core temperature.
At the onset of exercise, skin temperature falls slightly due to
increased convection resulting from the motion of the subject
and then gradually rises. When skin temperature is already
high, such as occurs in a warm environment or due to radiant
gain from the sun, heat transfer to the skin will be compro-
mised (Rowell, 1986).

Heat is transferred from skin to the environment by convec-
tion, radiation, sweat evaporation, and respiratory losses. En-
vironmental conditions, mainly temperature, govern which of
these modes is most effective. Loss of heat by convection and
radiation depends on a temperature difference between skin
and the environment. When environmental temperature is low
(~10°C), the mean skin temperature will be approximately
25°C to 28°C, resulting in a temperature difference of 15°C
to 18°C. Under these conditions, convection and radiation
alone would be sufficient to dissipate the entire heat load
imposed by mild-to-moderate exercise. As the ambient tem-
perature increases, the skin—environment temperature gradi-
ent falls, becoming negligible at about 36°C and actually
reversing at higher environmental temperatures. Thus, heat
loss via convection and radiation becomes ineffective, and the
body must rely on sweat evaporation for heat loss (Astrand
and Rodahl, 1979).

In moderate ambient temperatures (say, 25°C), approxi-
mately 50% of the metabolic heat load is dissipated by radia-
tion and convection and the other 50% by evaporation.
However, when skin temperature and ambient temperature
are equal, evaporative cooling becomes the only avenue for
dissipation of heat. The rate of heat loss by evaporation of
sweat depends mainly on the water vapor pressure gradient
between skin and the environment and the fraction of the
body surface area that is covered with sweat. High environ-
mental humidity will decrease the water vapor pressure
gradient and limit the ability of the body to lose heat via
sweating. The environmental conditions of high ambient
temperature and humidity present a serious threat to the
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body’s mechanisms of heat loss and can result in dangerous
elevations of body temperature if exercise continues. This
was one of the challenges faced when conducting the eques-
trian events for the Olympic Games in Atlanta (Adams et al.,
1975; Jeffcott and Kohn, 1999; Rowell, 1986).

ESTIMATIONS OF HEAT PRODUCTION DURING EXERCISE

To make estimations of heat production during exercise,
calculations can be made using oxygen consumption as an
indicator of metabolic rate. The metabolic heat load can be
estimated from the following formula:

Metabolic heat = VO, (L/min) X k X exercise duration (minutes)

where VO, = oxygen consumption and k = amount of heat
liberated per liter of oxygen consumed (k = 4.7 to 5.1 keal,
depending on the substrates used). Assuming a 20% meta-
bolic efficiency, approximately 1 kcal/L of O, is available for
muscular work (Astrand and Rodahl, 1979; Mitchell, 1977).

Horses are capable of very high work intensities, and the
rate of heat production may exceed basal levels by 40- to
60-fold during racing speeds. The basal metabolic rate of a
resting horse has been recorded at 2.2 to 4.2 ml/kg/min. This
value is similar to that calculated from the metabolic body size
(a function of the body weight to the 3/4 power, 3 kcal/kg*#/hr).
The metabolic body size of a 450-kg horse is 97.7 kg, the
basal metabolic rate is 285 kcal/hr, equivalent to an oxygen
uptake of 58.6 L/hr or 2.2 ml/kg/min. A Thoroughbred race-
horse exercising at race speeds runs at approximately 16 to
17 meters per second (m/s), an intensity requiring its maximal
oxygen uptake (85 to 90 L Oy/min). This exercise level
would be associated with a heat production of 450 kcal/min
(90 L/min X 5 kcal/L). If this metabolic heat load was not
dissipated, an elevation of body temperature of 1°C for every
minute of exercise could occur (i.e., 60°C/hr), assuming the heat
capacity of the horse is the same as that of humans (0.83 kcal/
kg/°C) (Hodgson et al., 1993).

In contrast, an endurance horse exercising at a mean speed
of 4 to 5 m/s consumes approximately 25 L of O, per minute
(about 40% of maximal oxygen uptake), producing a heat
load of about 100 kcal/min. This would result in an increase
in body temperature of about 0.25°C/min, or 15°C/hr, if no
dissipation occurred.

Despite the lower rate of heat production during endur-
ance exercise, heat dissipation is more important than during
racing because of the prolonged duration of the exercise. A
Thoroughbred racehorse typically races at maximal speed for
1 to 3 minutes. This would he associated with heat production
of 1350 to 2250 kcal (450 kcal/min). The body is able to store
a large amount of heat (0.83 kcal/kg/°C), 415 kcal/min for a
500-kg horse. If all the heat produced during a race was
stored, the body temperature would rise 3.25°C to 5.42°C.
Measurements of exact heat production during this type of
exercise have been made, but estimates using treadmill exer-
cise provide useful insights. At the trot and canter, heat pro-
duction was 78 and 131 kcal/min, respectively. These levels of
heat production would result in body temperature elevations
of 0.13°C/min at the trot and 0.23°C/min at the canter.
Recorded rectal temperature rises of only 0.02°C/min and
0.035°C/min occurred, indicating storage of approximately
15% of the heat produced (Hodgson et al., 1993).

Heat that is stored during exercise is dissipated after cessa-
tion of exercise. The core temperature continues to rise within
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the first few minutes of recovery from maximal exercise as
heat is redistributed from muscles.

AMOUNT OF HEAT DISSIPATED BY SWEATING

Evaporation of 1 L of sweat dissipates approximately 580 kcal
of heat. The amount of heat loss by evaporation of 1 L of sweat
is equivalent to the heat generated by 1 to 2 minutes of maxi-
mal exercise (450 kcal/min) or 5 to 6 minutes of submaximal
endurance exercise (100 kcal/min). To dissipate the heat pro-
duced by prolonged submaximal exercise, substantial volumes
of sweat must be evaporated. An hour of submaximal exercise
would produce 6000 kcal (60 min X 100 kcal/min), and to
dissipate this heat by evaporative processes, 11 L of sweat
would be required (McCutcheon and Geor, 1998). Any process
that adversely influences evaporation of sweat can have poten-
tially antagonistic effects on performance because of increased
demand on the thermoregulatory and cardiovascular systems.
The effectiveness of evaporative cooling is dependent on
the environmental temperature, the relative humidity, wind
velocity, and body surface area to body weight ratio. Horses
have a relatively low ratio of surface area to body weight
compared with other species. A 60-kg human has a surface
area of approximately 1.7 m? compared with a 500-kg horse
with a surface area of only 5 m?. Undoubtedly, this will present
a physical limitation to the efficacy of sweating in the horse
(Hodgson et al., 1993; Rowell, 1986).

Heat loss from sweating in humans results in a decrease in
skin temperature of about 2°C and in horses, a temperature
2.5°C below that of the core temperature has been recorded
from a thermocouple measuring the temperature of blood
draining primarily from body or flank skin. Thus, sweating
results in significant cooling of blood flowing through skin. For
this mechanism of heat loss to be utilized, skin blood flow must
be high. In exercising humans, up to 15% of cardiac output may
be directed to skin. Data from ponies exercising in controlled
conditions in the heat demonstrate that up to 20% to 25% of
the Q° is distributed to skin. If one extrapolates these data to
the horse, heat loss via sweating can be estimated. Assuming
that the Q° of an exercising endurance horse is approximately
160 L/min (40% VOoay) and the specific heat capacity of blood
is 0.9 kcal/L/°C, cooling of the blood due to sweating represents
a loss of 72 kcal/min (0.2 X 160 IL/min X 2.5°C X 0.9 kcal/
L/°C). The sweat rate necessary to result in this heat loss is
125 mI/min or 7.5 L/hr (580 kcal/L). This heat loss represents
only 70% to 75% of the heat load that would result from en-
durance exercise (100 kcal/min) (Astrand and Rodahl, 1979;
Hodgson et al., 1993; McCutcheon and Geor, 1998).

Heat loss via sweating also can be estimated by measuring
the sweat volume lost during exercise. Sweating rates of
horses exercising in the heat may reach 10 to 15 L/hr. Thus,
by comparing these two methods of estimation, it can be
deduced that sweating results in heat dissipation of up to
three quarters of total metabolic heat produced. Although
mass specific body surface area calculations might suggest
otherwise, heat loss via sweating may be more efficient in
horses than is the case in humans. This is likely a function of
the greater proportion of the Q° of the horse being distributed
to the skin during exercise (McCutcheon and Geor, 1998).

ESTIMATION OF SWEAT LOSSES DURING EXERCISE

Sweating rates have been estimated by weighing horses before
and after exercise. Moderate exercise (3.5 m/s) for 6 hours
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resulted in a 5% to 6% loss of body weight (27 kg), with one
horse losing 46.4 kg or 9.1% of body weight. In another study,
in cool weather conditions, weight loss of 37 * 2.6 kg (7.6%
* 0.5%) occurred during exercise at 18 km/hr for 58 to 80
km. During the first 100 km of the Tevis Cup ride, the mean
weight loss was 17.5 kg, with a maximal weight loss of 45 kg
recorded from one horse, representing 10.5% of the body
weight (Carlson, 1983; Schott, 2003).

Thoroughbreds racing over distances of 1 to 2 miles may
lose up to 10 L during the warmup, race, and initial recovery
periods. Direct measurements of sweat rates on the neck and
back of horses exercising on a treadmill at 40% VOyp,, have
been shown to be 21 to 34 mL/min/m?. This corresponds to
6.5 to 9 L/hr for a 450-kg horse, assuming that the total sur-
face area of the horse can be calculated from the equation
SA =1.09 + 0.008 X body weight (kg) (Hodgson et al., 1993).

AMOUNT OF HEAT DISSIPATED VIA THE RESPIRATORY
TRACT

Evaporation of water from the respiratory tract represents
an important route of heat loss. Inspired air is both warmed
and saturated on its passage through the lungs. Even at
the elevated respiratory frequencies associated with high-
intensity exercise, expired air is warmed to around 28°C
and is at least 85% saturated with water. The heat loss
associated with warming inspired air to near body tempera-
ture (from 16°C to 33°C) contributes approximately 5%
of total heat loss at rest and during exercise. In contrast, the
evaporative heat loss associated with humidifying respired
gases increases up to fivefold during exercise to remove
10% to 15% of total heat loss. Thus, the combination of
estimates for heat loss through sweating (~75%) and up to
20% through respiratory losses accounts for the majority of
heat loss during exercise.

During the gallop, biomechanical forces result in synchro-
nization of the respiratory and stride frequencies (Evans and
Rose, 1988). Thus, respiratory heat loss can be modified only
by altering tidal volume blood flow to the upper respiratory
tract, particularly the nasal mucosa, and nasal gland secretion.
Despite this limitation, pulmonary ventilation doubles from
moderate to maximal speed and can reach >1800 L/min
at maximal exercise, which may increase the percentage of
respiratory heat loss. In addition, respiration-locomotion
coupling reduces the metabolic cost of respiration. Respira-
tory rate during low-intensity exercise in a cold environment
is reduced, which may be associated with a reduced need
for heat dissipation.

Respiratory heat loss can be calculated by measuring pulmo-
nary ventilation and assuming that 0.03 g of water is dissipated
for every liter of air respired, as reported by Theil et al. (1987).
Respiratory heat loss at rest was 4.5 kcal/ min (19 kJ/min),
38% of total heat loss, and at the walk, trot, and gallop, it
was 6.2 kcal/min (26 kJ/min), 12.7 kcal/min (53 kJ/min), and
20.5 kcal/min (86 kJ/ min), respectively. At each exercise inten-
sity, the respiratory tract contributed approximately 18% of
total heat loss. Similar rates of respiratory heat loss have been
reported by other investigators.

Respiratory heat losses also can be estimated from the
decrease in blood temperature that occurs as blood passes
through the pulmonary circulation. Blood in the carotid artery
has been measured in horses exercising on a treadmill and was
found to be 0.1°C to 0.3°C lower than blood in the pulmonary




artery. Assuming a Q° of 160 L/min and a temperature differ-
ence of 0.15°C, respiratory heat loss represents 21.6 kcal/min
(160 liters/min X 0.15°C X 0.9 kcal/L/min), approximately
22% of the heat load produced during submaximal exercise
(100 kcal/min) (Hodgson et al., 1993).

CARDIOVASCULAR FUNCTION RESPONSES TO
AUGMENT THERMOREGULATION DURING EXERCISE

The cardiovascular system is vitally important during exercise
to meet the increased demand of working muscle while main-
taining blood flow to skin to dissipate the heat produced. The
cardiovascular system responds to this demand by increasing
the total cardiac output, a greater proportion of which is
redistributed to exercising muscle (Rowell, 1986).

Skin Blood Flow during Exercise

Skin blood flow plays a major role in the distribution of ther-
mal energy during exercise. Skin blood flow changes in the
horse in response to exercise have been measured in ponies
but not horses. Measurements in humans report an initial
decrease in skin blood flow to increase blood flow to working
muscle. However, as core temperature rises above 38°C, the
vasodilator drive for heat dissipation is stimulated, and skin
blood flow begins to rise, which may be the reason VO 15
lower during exercise in the heat (Rowell, 1986).

Cardiac Output during Exercise

The cardiac output increases in proportion to exercise in-
tensity and whole-body oxygen consumption. The increase
is due to increased heart rate and stroke volume. Six-fold
elevations in Q° and 41% elevations in stroke volume (SV)
have been recorded during mild-to-moderate exercise.
However, during maximal exercise, most of the increase in
cardiac output is caused by the increase in heart rate. In
horses, the exercising muscles contribute a much larger
proportion of the body mass than in humans and demand a
greater activation of the cardiovascular system (Evans and
Rose, 1988).

Similar cardiovascular responses occur in humans in response
to exercise, with increases in Q° and heart rate; however, SV tends
to plateau before maximal heart rate is reached and may even
decrease during very severe exercise. SV is maintained during
prolonged exercise in horses, and horses are, thus, better adapted
than humans for the performance of endurance exercise. This
probably relates to postural differences between humans and
quadrupeds (Evans and Rose, 1988; Rowell, 1986).

Redistribution of Cardiac Output during Exercise

During exercise, there is an increase in the metabolic require-
ments of a number of tissues. Apart from exercising muscle,
blood flow is increased to the myocardium, trachea, bronchi,
and respiratory muscles. In response to these increased de-
mands, there is a primary increase in blood flow to exercising
muscles and a relative decrease in flow to skin, the resting
muscle, the kidneys, and the splanchnic region in proportion to
exercise intensity (McConaghy et al., 1996; Rowell, 1986).

EFFECTS OF COMBINED EXERCISE AND HEAT
STRESS

When exercise is undertaken in a warm environment, the
demands of muscle for increased metabolic requirements
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and skin blood flow for heat exchange arise concurrently.
The system must be carefully regulated to subserve both
these functions, and problems can result when there is com-
petition between the need for blood flow to the working
muscles and to skin for heat loss, such as occurs during
exercise in the heat. To avoid compromising blood flow to
skin, which would limit heat loss and result in hyperther-
mia, or to the working muscle, which would limit aerobic
metabolism, resulting in anaerobic work with its limited
substrate supply, Q° would have to increase continuously
(Rowell, 1986).

CARDIAC OUTPUT

The effect of exercise in the heat on cardiac output has been
studied in ponies. The cardiovascular responses of horses
to exercise differ from those of humans in a number of ways:
(1) The cardiac output of horses is maintained during
prolonged exercise; (2) horses do not have the problem of
maintaining blood pressure associated with an upright pos-
ture; and (3) the cutaneous vasculature of horses does not
show active vasodilation in response to heat stress. In light
of these differences and data in ponies, it seems probable that
in horses the cardiac output is maintained during exercise
in the heat (Evans and Rose, 1988; McConaghy 1996;
McConaghy et al., 1996).

In humans, moderate-to-severe exercise in the heat results
in a reduction in Q° below levels occurring in a thermoneu-
tral environment. This reduction in Q° during exercise occurs
as a result of (1) reduced central blood volume caused by
increased cutaneous venous volume in response to thermo-
regulatory drives, (2) decreased plasma volume caused by
loss of plasma water to the extravascular compartment in
response to tissue hyperosmolality and increased filtration
pressure in active muscles, and (3) loss of body fluid in
sweat. The reduction in cardiac output seen in humans,
caused by decreased plasma volume and loss of body fluid in
sweat, also may occur in horses during prolonged exercise in
the heat. However, this is not the case in ponies exercising at
moderate and high intensities in conditions of high ambient
heat load (Rowell, 1986).

REDISTRIBUTION OF CARDIAC OUTPUT

Redistribution of the cardiac output of horses in response
to exercise in the heat has been measured in ponies, and
these data are extrapolated to horses. The thermoregulatory
responses of horses, ponies, and humans are somewhat similar,
and as such, blood flow redistribution in response to exercise in
the heat is likely to be similar between the species, although
ponies do appear to reduce the proportion of cardiac output
redistributed to the viscera and the kidneys to augment blood
flow to the skeletal muscle, myocardium, skin, and brain
(McConaghy, 1996).

The exact redistribution of cardiac output in humans
cannot be measured; only estimates can be made. As a result,
there is some dispute in the literature as to whether blood
flow to the working muscles in humans is reduced to maintain
skin blood flow during exercise in the heat.

Thus, the response of the cardiovascular system to exercise
is somewhat modified when exercise is carried out in the heat
because of the additional environmental heat load. Cutaneous
vasodilation occurs at a lower level of exercise because of the
earlier attainment of a critical core temperature elevation. To




116 SECTION 11

supply this volume of blood, there is an increased redistribu-
tion of blood away from splanchnic and renal vascular beds
as well as a heat-induced increase in Q°. This occurs in
humans as well as in ponies (Rowell, 1986; McConaghy 1996;
McConaghy et al., 1996).

However, the skin of humans must be relatively vasocon-
stricted during heavier exercise in the heat because, accord-
ing to Rowell, “there is simply not enough cardiac output or
regional blood flow to raise skin blood flow to the levels seen
at rest at equivalent levels of core temperature.” Thus, either
blood flow to skin must be reduced, which would impair heat
loss, or there must be a reduction in blood flow to the work-
ing muscles, which would reduce metabolic performance.
There is evidence that blood flow to the working muscles in
humans is not compromised during exercise and heat stress;
thus, skin blood flow must be reduced. The same effect has
been demonstrated in ponies. It appears that a cutaneous
vasoconstrictor response occurs when central blood volume
decreases to levels regarded as critical as a mechanism for
avoiding circulatory collapse. This can be interpreted to sug-
gest that circulatory regulation appears to take precedence
over thermoregulation. Thus a major factor limiting the abil-
ity to exercise or to tolerate heat is the threat of circulatory
collapse (Rowell, 1986).

Experiments have been performed in sheep to measure
exact blood flow redistribution during exercise in the heat.
Significant decreases in blood flow to both skin and the exercis-
ing muscles occurred, “in contrast to the findings in humans,
suggesting that either physiologic responses of humans and
sheep differ or that the estimations derived from studies in
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humans are inaccurate.” The reliance of sheep on panting
for thermoregulation does imply that significant differences
in thermoregulatory responses between sheep and humans may
exist (Hales, 1973). Documentation of redistribution of the
cardiac output of ponies in response to exercise in the heat has
assisted in clarifying this dilemma. Indeed, humans and ponies
and, therefore by implication, horses appear to manifest consid-
erable similarities in their thermoregulatory mechanisms.
Distribution of the cardiac output of horses at rest and during
exercise in a thermoneutral and a warm environment is
depicted in Figure 8-2. Responses of ponies in terms of blood
flow distribution when undertaking moderate and intense exer-
cise in thermoneutral and hot ambient conditions is shown
in Figure 8-3.

CLINICAL PROBLEMS ASSOCIATED WITH HEAT
STRESS AND EXERCISE IN HORSES

A number of clinical problems, including exhaustive disease
syndrome, synchronous diaphragmatic flutter, heat stress
(stroke), rhabdomyolysis, and anhidrosis, can occur as a re-
sult of prolonged heat and work stress (Carlson, 1983; Jeffcott
and Kohn, 1999).

EXHAUSTIVE DISEASE SYNDROME

Protracted submaximal exercise is associated with the pro-
duction of a significant heat load. As detailed in an earlier
section of this chapter, in certain situations up to 11 L of
sweat would have to be evaporated to dissipate the heat pro-
duced by each hour of submaximal exercise. The substantial

D

Hot

FIGURE 8-2 Schematic illustration of altered distribution of blood volume in response to heat stress
at rest and during exercise. A, The horse at rest in a cool environment. B, The horse at rest exposed to
high ambient temperatures. There is a mild increase in cardiac output with a substantial proportion of
this increase redistributed to skin to aid in heat loss. C, The horse exercising in a cool environment.
Most heat is lost without the need for sweat production. As a result, the proportion of cardiac output
directed to skin remains relatively low. D, Exercise in the heat. Environmental and exercise-induced
heat loads impose great demands on thermoregulatory function necessitating redistribution of a much
larger proportion of the cardiac output to skin for heat loss.



Effect of heat and exercise
intensity on muscle blood flow

60

50

40

30
20
10
o+— . . .

Rest Cool/low  Hot/low Cool/high Hot/high

Muscle blood flow (ml/min/100g)

FIGURE 8-3 Duration of exercise required for horses to reach a core
temperature (pulmonary arterial blood) in horses exercising in cool/
dry, hot/dry and hot humid conditions. This graph demonstrates the
effect of heat and humidity on diminishing the capacity of the horse
to dissipate exercise induced increases in body temperature.

loss of fluid and electrolytes associated with sweating at this
rate results in significant adverse effects on thermoregulatory
and cardiovascular mechanisms. Endurance horses forced
to exercise for prolonged periods in hot environments can
become severely dehydrated, and this may progress to develop-
ment of hypovolemic shock. This condition, when combined
with energy depletion and profound fatigue, has been referred
to as exhausted horse syndrome (Carlson, 1983).

Effect of Sweat Loss on Body Fluid Composition

The total body water of a normal 450- to 500-kg horse is
approximately 300 L, consisting of approximately 200 L of
intracellular fluid (ICF) and 100 L of extracellular fluid
(ECF). Water moves freely between the ECF and the ICEF its
distribution between the compartments depending on the
respective content of exchangeable cations, the principal
cations being sodium in the ECF and potassium in the ICE
Despite distinct differences in electrolyte composition, these
compartments maintain similar osmolalities (McCutcheon
and Geor, 1998).

The major components of the ECF are plasma, interstitial
fluid, lymph, and transcellular fluid, mainly gastrointestinal
fluid. Sweat is derived from interstitial fluid, with subsequent
transfer of plasma and cellular fluid to the interstitial space to
maintain interstitial fluid volume. Consequently, sweating
during exercise depletes both the extracellular and cellular
fluid compartments. A water loss total body water of 40 L,
such as may occur during an endurance ride, would be
derived from both ECF and ICF volumes. This represents a
loss of over 15% of the total body water.

In horses, absorption of up to 20 L of fluid from the
substantial gastrointestinal tract fluid reserve has been shown
to help maintain plasma volume. This may explain the only
relatively minor elevations in packed cell volume (PCV) and
total plasma protein concentration (TPP) shown by some
well-conditioned endurance horses following losses of 30 to
40 kg during a ride (Schott, 2003).

In addition to significant water losses, substantial losses of
electrolytes occur. Electrolyte losses occurring as a result
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of sweat loss during prolonged exercise in horses in a warm
environment involve reductions in plasma chloride, potas-
sium, calcium, and magnesium. The chloride loss in sweat is
20% greater than the sodium loss, and as a result, the greatest
reduction occurs in plasma chloride, with potassium concen-
tration decreasing moderately and sodium concentration
decreasing only slightly. Thus, an ECF deficit of 25 L would
be associated with a chloride deficit of about 4000 millimoles
(mmol; milliequivalent [mEq]). To maintain electrical neu-
trality, this hypochloremia is associated with an increase
in plasma bicarbonate, inducing metabolic alkalosis. In addi-
tion, mild metabolic alkalosis often occurs secondary to the
chloride ion depletion accompanying sweat production
(Schott, 2003).

When endurance rides are conducted in cool climates,
sweat losses may be minimal, and changes in PCV, TPP, and
electrolyte concentration insignificant. Many endurance
horses develop transient fluid and electrolyte imbalances
but are able to recover and replace losses via feed and water
consumption. Alterations tend to be more severe in very com-
petitive horses that are pushed at a fast pace, resulting in a
greater degree of dehydration, higher heart rates, and a more
significant degree of metabolic alkalosis at the end of the ride
(Schott, 2003).

Pathogenesis

Major alterations of fluid and electrolyte balance adversely
affect athletic performance and may result in a life-threatening
metabolic state. Electrolytes are essential for control of mem-
brane potential, muscle contraction, nerve conduction, and
enzyme reactions, and they play a central role in the physio-
logic processes of exercise. Na* deficit associated with sweat
loss results in a reduction of plasma volume, as ECF Na* is
the principal determinant of ECF volume. Na* depletion in
combination with dehydration results in decreased plasma
volume, increased blood viscosity, inadequate tissue perfu-
sion, and inefficient oxygen and substrate transport. This may
contribute to impaired renal function and partial renal shut-
down, effectively resulting in renal failure. Hyponatremia also
can lead to intermittent muscular cramping, possibly from
inhibition of Na*-Ca*"-ATPase. Severe hyponatremia results
in fatigue, diarrhea, central nervous system signs, and muscu-
lar spasms in humans, and similar effects have been reported
in horses (Carlson, 1983).

K* depletion modifies membrane potentials and may
reduce the response of vascular smooth muscle to catechol-
amines, resulting in peripheral vasodilation and reduced
central blood volume. This imposes an additional burden
on the heart, already affected by hypokalemia and in-
creased oxygen demand associated with hyperthermia.
Hypokalemia also can have a direct pathologic effect on
renal nephrons, which may contribute to the development
of renal failure.

Metabolic alkalosis associated with depletion of K*, CI',
Ca*", and Mg** during exercise may alter membrane potential
and neuromuscular transmission and contribute to gastroin-
testinal stasis, cardiac arrhythmias, muscle cramps, and syn-
chronous diaphragmatic flutter.

Dehydration results in a significant impairment in the
efficiency of evaporative cooling which when prolonged
results in reduced skin blood flow and sweating with resultant
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elevations in the core temperature. Dehydration is the most
important single predisposing factor for the development of
heat illness. In humans, dehydration affects both thermoregu-
latory mechanisms, reducing skin blood flow and the sweat
response and energy utilization via accelerated depletion of
glycogen stores and resulting in an excessive rise in body
temperature and heart rate. Dehydration is likely to have
similar effects in horses, resulting in hyperthermia and the
potential for damage to the central nervous system.

The combined effects of energy depletion, electrolyte loss,
acid-base imbalance, and dehydration are likely to alter gas-
trointestinal and central nervous system functions, reducing
the ability to voluntarily replace fluid losses. Medical inter-
vention is necessary if untoward sequelae resulting from these
changes are to be avoided (Geor and McCutcheon, 1996;
Schott, 2003).

Clinical Signs

Affected horses often show severe signs of depression, usually
having no interest in feed and water. Dehydration is ex-
pressed clinically as decreased skin turgor, sunken eyes, dry
mucous membranes, firm, dry feces (if any are passed), and
decreased urine output. Rectal temperature is often markedly
elevated (40°C to 42°C). Respiratory rate is elevated (with
some horses appearing to pant), possibly in an attempt to
increase respiratory heat loss, as is heart rate to help maintain
cardiac output. Cardiovascular compromise results in increased
capillary refill time, decreased pulse pressure and jugular dis-
tensibility, and cardiac irregularities. Intestinal stasis commonly
occurs with reduced borborygmi and a loss of anal tone. Muscle
spasms and cramps are frequently present, and synchronous
diaphragmatic flutter (“thumps”) may develop in some cases
(Geor and McCutcheon, 1996).

A number of serious complications may develop a day to
several days following exhaustion. These sequelae are most
likely to occur if horses fail to receive immediate and thor-
ough treatment at the time of development of clinical signs.
Exertional rhabdomyolysis, renal failure, hepatic dysfunction,
gastrointestinal dysfunction, laminitis, central nervous system
disorders, and death have been reported. Intensive and
immediate treatment at the time exhaustion develops will
reduce the risk of occurrence of these problems.

Clinicopathologic Alterations

Exhausted endurance horses have clinicopathologic alterations
indicative of severe dehydration, with hematocrit elevations
to 0.45 to 0.60 L/L. Plasma protein concentrations are generally
in the range 72 to 82 g/L but may reach 100 to 120 g/L. Hema-
tology reveals a stress neutrophilia with a left shift, increased
immature neutrophils, lymphopenia, and a marked eosinopenia
(Carlson, 1983).

Electrolyte alterations include primarily hypochloremia,
with plasma chloride concentrations often in the range 80 to
90 mmol/L, and moderate hypokalemia and hyper- or hypo-
natremia may be present. Ca’* and Mg?* concentrations
tend to decline, which are proposed to contribute to the risk
of the development of synchronous diaphragmatic flutter
(Carlson, 1983).

The plasma activities of creatine phosphokinase (CK), lac-
tate dehydrogenase (LDH), alkaline phosphatase (ALP), and
aspartate amino transferase (AST) may be elevated. Marked
elevations of CK, AST, and LDH will be present if exertional
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rhabdomyolysis has developed. Plasma creatinine, urea, and
bilirubin may be transiently elevated during endurance rides
and will be persistently elevated if renal damage develops
(Geor and McCutcheon, 1996; Schott, 2003).

Treatment

Early recognition and treatment will greatly reduce the sever-
ity of the exhaustive disease syndrome. During the course
of an endurance ride, signs of a problem developing may first
be noticed during veterinary examination at mandatory
veterinary examination or check points or in the course of
the ride. Affected horses may show signs of distress, fatigue,
significant dehydration, and sustained elevation of heart rate,
respiratory rate, and rectal temperature. In well-conditioned
horses that retain good thermoregulatory function, heart rate
should fall to less than 55 beats/min, the respiratory rate to
less than 25 breaths/min, and the rectal temperature to below
39.5°C within the first 20 to 30 minutes following cessation
of exercise. Any horse showing a significant and persistent
elevation of heart rate, respiratory rate, or rectal temperature
should not be allowed to continue exercise, according to the
generally accepted rules of endurance riding competitions
(Schott, 2003).

Horses suffering mild signs will usually respond to rest and
simple therapy, including cold hosing, standing the horse
in shade, and voluntary rehydration. The horse should be
offered small amounts of cool water at frequent intervals and
be given access to palatable feed. Some recommend offering
horses concentrated electrolyte pastes. These animals should
be watched closely until recovery is complete. Once homeo-
stasis is restored, the animal can replenish accumulated
deficits by voluntary consumption. This process may take
several days.

Horses with marked elevations of rectal temperature
(greater than 40.5°C) should be cooled as quickly as possi-
ble. Hosing down with cold water, allowing the water to
warm, scraping it off, and repeating the process on a number
of occasions is a very effective way of enhancing conductive
heat loss to cool the horse (Figure 8-4). Providing the horse
with ventilation via natural breeze in an open space or
fanning (misting fans can also be used) will encourage heat

Effect of cooling on muscle temperature
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FIGURE 8-4 Effect of aggressive cooling, that is, repeated applica-
tions of cold water, on body core temperature in horses following
exercise under controlled conditions.



loss via convection and evaporation. Particular attention
should be given to cooling the head, neck, and large subcu-
taneous vessels between the hind legs. Shade, cool airflow,
and cool water will dramatically increase radiant, evapora-
tive, and convective heat losses. Some recommend cold
water enemas and administration of cool fluids via a naso-
gastric tube to help lower the core temperature (Jeffcott and
Kohn, 1999).

Fluid administration is an essential component of therapy.
Some studies have shown that horses suffering significant
dehydration following prolonged exercise may only replace
two thirds of their water deficit voluntarily by water con-
sumption in the first few hours after exercise. The principal
drives for voluntary water consumption are volume depletion
and Na* concentration. Plasma Na* concentrations are often
within normal limits, which may reduce the drive for volun-
tary rehydration. Thus, active (interventionalist) fluid therapy
may be required to fully replenish fluid deficits. As a general
rule, rehydration fluid should be a “replacement” fluid, there-
fore having similar composition to plasma, since hyponatre-
mia and hypochloremia can be exacerbated if the entire deficit
associated with sweat loss is replaced with water (Geor and
McCutcheon, 1996; Schott, 2003).

Fluid therapy should be instituted immediately in any
horse showing severe signs or failing to respond to conserva-
tive treatment within 30 minutes. Fluid can be administered
by nasogastric tube, giving 8 L of isotonic fluid continued
at 30- to 60-minute intervals, as required. This assumes no
reflux or pain associated with the fluid administration. In
severe, acute cases, if colic is present or if there is ileus, intra-
venous administration is preferable (Geor and McCutcheon,
1996; Schott, 2003).

The exact volume, rate, and route of fluid administration
necessary depends on the severity of the presenting signs.
Volumes required may be up to 50 L, which can be adminis-
tered at flow rates of up to 10 L/hr. A severely affected horse
may have a Na® deficit of around 4000 mmol, which will
require 30 L of Plasmalyte solution for replacement. Horses
that develop synchronous diaphragmatic flutter (SDF) and
gastrointestinal atony will benefit from intravenous calcium
therapy (see Treatment for Synchronous Diaphragmatic Flutter)
(Schott, 2003)

Response to therapy includes improved mucous membrane
color and capillary refill time and increased pulse pressure.
With the return of gastrointestinal motility, there should be an
improvement in the animal’s attitude and desire to eat.

Horses affected by exhaustive horse syndrome should not
be transported for 12 to 24 hours because a high degree of
muscular activity is associated with prolonged transport, which
puts the horse at further risk of postexhaustive problems. Some
of these include exertional rhabdomyolysis, laminitis, and
renal failure.

Treatment for exertional thabdomyolysis, a severe complica-
tion that may be associated with the exhaustive horse syndrome,
will not be dealt with at length here. In general, management
consists of strict rest, nonsteroidal antiinflammatory drugs
(NSAIDs), fluid therapy followed by careful monitoring, and
tailoring of therapy (Geor and McCutcheon, 1996).

PREVENTION OF HEAT STRESS IN HORSES

The risk of this problem developing will be reduced by ade-
quate preparation and careful management at competitions,
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with consideration of the effect of the ambient weather condi-
tions at the time of the event.

Preparation for the Event

Physical Training

Physical training in humans and horses results in a number of
physiologic alterations that result in improved heat tolerance
and thus performance in the heat. Training acts as a form of heat
acclimation by imposing a heat load on the body, repeatedly
stimulating heat-loss mechanisms (Geor and McCutcheon,
1998; Jeffcott and Kohn, 1999).

There is a lowered threshold for the initiation of sweating
and peripheral vasodilation, with earlier activation of heat loss
mechanisms. The sensitivity of both these responses is also
enhanced, so there is greater sweat production and increased
skin blood flow for the same elevation of body temperature.
These adaptations result in enhanced transfer of heat from the
core to the periphery and increased efficiency of evaporative
cooling. As a consequence, less heat is stored, a steady ther-
mal state is reached sooner, and a lower internal temperature
is maintained. A lower core temperature increases the core—
skin temperature gradient so that a smaller skin blood flow is
needed for transfer of metabolic heat to skin. Thus, a smaller
fraction of cardiac output needs go to skin, cardiac demand is
reduced, and the capacity for continued skeletal muscle perfu-
sion is improved.

Training also results in an expansion of plasma volume,
which improves thermoregulatory function by enhancing
sweat production and assisting conductance of heat, as well
as reducing cardiovascular demand associated with work-
ing in the heat. Increased blood volume decreases competi-
tion between the working muscles and skin; thus, blood
flow to skin can be maintained during exercise. In addition,
there is an increase in work capacity resulting from a de-
creased rate of glycogen utilization in response to training
mechanisms (Geor and McCutcheon, 1998; Jeffcott and
Kohn, 1999).

Adequate training for endurance rides should help reduce
the risk of exhaustive horse syndrome, as well as exertional
rhabdomyolysis (Geor and McCutcheon, 1998). The reader is
referred to Chapter 22, on Training the Endurance Horse.

In humans also, training results in decreased salt concen-
tration in sweat in response to salt depletion from losses
in sweat. Aldosterone released in response to fluid and elec-
trolyte losses acts at the level of the sweat duct to reduce the
salt concentration of sweat. This response occurs also in the
horse but is somewhat less pronounced than is the case in
humans.

Training also decreases the levels of subcutaneous fat,
which can improve heat dissipation because this adipose
tissue layer acts as an insulator, limiting the rate of heat loss
from the body and also reducing the ratio of body surface area
to mass. Thus, not surprisingly, well-conditioned endurance
horses have very low proportions of subcutaneous fat and
total body fat.

Heat Acclimatization

In humans, heat acclimatization by training in humid heat
further improves heat tolerance during exercise, as well as
improving cardiovascular function for work performance.
This effect has been shown to occur in the horse also. Thus,
horses participating in endurance type activities (endurance



120 SECTION 11

racing, 3-day eventing) have been shown to benefit from
undertaking repeated work in the heat if they are going to be
competing in hot environments (Geor and McCutcheon,
1998).

It is recommended that human athletes training for compe-
tition in hot environments (e.g., athletes preparing for the
Atlanta, Barcelona, Beijing Olympics) commence their heat
acclimation at least 2 or, preferably, 3 weeks prior to leaving
for the event. About 10 and 14 days of work in the heat is
sufficient to induce many of the physiologic improvements
associated with heat acclimatization in humans, although
3 weeks would be optimal. Similar responses were noted in
horses in studies conducted prior to the Olympic Games in
Atlanta. As in the case of humans, it is now recommended that
horses should be exposed to these conditions for a minimum
of 3 weeks to induce an appropriate degree of acclimatization.
As such, it is now common practice for horses participating in
international competitions in regions where hot and humid
conditions are to be expected, to acclimatize well in advance
and to arrive at the venue at least a week prior to competition
(Noakes, 2003).

Electrolyte Supplementation

Electrolyte supplements are recommended during training if
horses are sweating heavily. Free-choice salt should be avail-
able, and supplementation can occur via addition to the
feed. Supplements should contain equal amounts of Na* and
Cl-, with half as much K™ (Geor and McCutcheon, 1998;
Schott, 2003).

Management at the Event

Weather Conditions at the Event

Attention should be paid to weather conditions at the time of
the event, and race speed should be adjusted accordingly. High
levels of humidity will reduce sweat evaporation, severely limit-
ing this important mechanism for heat dissipation. During com-
petitions in adverse environmental conditions, horses should be
carefully monitored for signs of heat stress. Riders should
monitor their horses, heart rate and respiratory rate should
be measured at frequent intervals, and the general attitude
and willingness of the horse should be observed. If marked or
sudden elevations of heart rate and respiratory rate occur or
the horse appears distressed or unwilling to maintain speed,
exercise should be stopped and careful examination carried out.
Exercise should be continued at a reduced speed only if the
horse recovers immediately. If the horse remains distressed, it
should be walked quietly to a rest stop for veterinary attention
(Jeffcott and Kohn, 1999).

Watering the Horse during the Ride

In humans, exercise in the heat without water intake results
in rising rectal temperature and heart rate with a sudden drop
in skin blood flow, falling heart rate, and advancing heat
exhaustion. All of this is caused by dehydration resulting in
partial breakdown of homeothermy during exercise in the
heat. Similar effects appear to occur in horses.

Dehydration can be reduced by careful attention to vol-
untary intake of water, electrolytes, and energy sources.
Electrolyte and energy replacements are recommended for
human athletes during prolonged exercise. This is now com-
mon practice in endurance horses. Addition of electrolytes
to administered fluids replaces electrolyte losses and can aid
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fluid absorption from the gastrointestinal tract. Addition of
carbohydrates, in itself, may benefit certain types of athletic
performance in humans and is likely to assist in the uptake
of water and electrolytes from the small intestine. In
humans, small amounts of glucose or glucose polymers may
help in the performance of prolonged exercise by delaying
glycogen depletion and exhaustion. This benefit does not
appear to translate to the horse, however, as addition of car-
bohydrate to fluids administered via nasogastric tube are no
more readily absorbed than isotonic electrolyte solutions
mechanisms (Geor and McCutcheon, 1998; Jeffcott and
Kohn, 1999; Schott, 2003).

Consumption of plain water during exercise is not as
beneficial as consumption of isotonic fluid because water will
decrease plasma Na® concentration, resulting in removal of
this mechanism as a stimulus for continued water consump-
tion. Hyperhydration prior to commencement of exercise, for
example, by consumption of fluids, including glycerol, may
aid in decreasing thermoregulatory strain during exercise
in humans. However, the benefits of this practice in horses
appears to be more equivocal in terms of its efficacy and,
as such, is not widely practiced. More emphasis is given to
ensuring horses are trained to drink frequently during the
competition and at each of the mandatory veterinary check
points (Schott, 2003).

Cooling the Horse during the Ride

The hyperthermia of exercise promotes glycogen depletion
and blood lactate accumulation, which may contribute to
fatigue and early exhaustion. Kozlowski and Salon (1964)
found that accomplished exercising dogs significantly reduced
the core temperature, decreased the rate of glycogen de-
pletion, and increased exercise duration. Cooling the body
during competitions by pouring water over the head and
neck at regular intervals is recommended for human
athletes. The head and neck are the most appropriate areas,
since these areas have a large blood supply and minimal
vasoconstriction occurs during exercise. Many investigators
have shown that cooling the head and neck during hyper-
thermia reduces the rise in core temperature. Aggressive
cooling of horses can be accomplished during the ride by
pouring cool or iced water over the whole body. The water is
allowed to warm on the horse, is scraped off, and the process
repeated, often on many occasions. This process has been
shown to result in muc