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Chapter 1

1.1 THE HORSE AS ATHLETE

Since its domestication, the horse plays an important role in human society. The

capacity to bear heavy loads at relatively high speeds makes the horse particularly apt

for assisting and supporting human activities. Until the end of the last century the horse

played a key role in public transportation. Nowadays in the Western world the horse is

mainly used for recreational and sportive purposes. Pulling, riding (jumping, dressage,

hunting) and running at high speed are the most outstanding athletic qualities, which

gave the horse its popularity. One of its specific qualities is endurance capacity which

can be defined as the ability to maintain relatively high speeds for .1 prolonged time.

This ability makes the horse excellently fit for races over shorter and longer distances.

Endurance capacity is mainly determined by the maximal amount of oxygen that can

be taken up and delivered to the tissues. Therefore a high maximal oxygen consump-

tion (VO2m«) is an important prerequisite for endurance performances. VOjnu, is

mainly determined by the capacity of the cardiorespiratory system.

The cardiorespiratory system of the horse has a high capacity compared with other

species including humans. The heart weight/body weight ratio of the horse is ~2 times

higher than in humans, respectively 8.6 and 4.0 g/kg (10). A determining functional

feature of the heart is the amount of blood that can be pumped per unit of time

(cardiac output). The cardiac output can be enhanced by increasing the heart rate and

stroke volume. Both increase during exercise with increasing intensity. Compared to

the resting state the horse is able to enhance cardiac output during maximal exercise

eight- to ten-fold, and the arteriovenous oxygen difference five-fold (Table 1.1). The

amount of blood that is pumped through the body determines the amount of oxygen

that can be delivered to the tissues. Under normal resting conditions the red blood

cells can bind approximately 200 ml O? per litre of blood. The amount of circulating

red blood cells can be increased by squeezing the spleen. This may result in an
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Chapter 1

elevation of the hematocrit (percentage of red cells per litre of blood) of more than

50%. During maximal exercise, the oxygen uptake of a horse increases per kilogram

body weight forty- to fifty-fold. This relative increase in oxygen uptake per kilogram

body weight in the horse is twice as much as is seen in humans during maximal

exertion (11, 12).

fafa/e J. 7 Some phys/o/og/ca/

exerc/se

Heart Rate (beats/min)

Stroke Volume (ml)

Cardiac Output (l/min)

a-vOj-difference (ml Oj/I)

Hematocrit (%)

Oxygen uptake (ml/kg/min)

parameters /n humans and

Human (75 kg)

Rest

50

100

5

45

42

2.5

Exercise

195

180

35

170

46

80

horses at rest

Horse (450

Rest

32

800

25

45

35

2.5

and at max/ma/

kg)

Exercise

240

1400

335

250

65

160

for references see 7, 2, 3, 4, 5, 7.

1.2 TRAINING AND OVERTRAINING

1.2.1 Types of training

In competitive sport it is tried to bring the performance capacity to its full

potential. For this purpose the individual has to follow a training program. Training can

be defined as regular exercise with a gradual increase in volume (total amount of

delivered work) and intensity (speed). In general, a training program consists of

repeated exercise sessions with a gradually increasing duration and/or intensity.

12



— Chapter 1

Training makes use of the ability of the body to adjust to changes in external

loads. Each training session leads to a disturbance of the homeostasis in tissues, organs,

and organ systems. The disturbed homeostasis is associated with fatigue. In the

recovery phase the body starts to restore the homeostasis, but several of the recovery

processes do not stop when the original homeostasis is reached but continue for some

time, leading to overcompensation. Although the mechanism underlying recovery and

overcompensation is incompletely understood, these phenomena result in an

enhanced functional capacity (1, 7). A well designed training program consists of

exercise which is gradually increased in volume and intensity and matches the gradual

increase in physical exercise capacity. The magnitude of the disturbances in

homeostasis should be in balance with the duration of the recovery period.

The physiological response of training depends on the type, intensity and

duration of exercise. A general rule for obtaining optimal sport performance is that the

type of training should be as specific as possible. In general, improvement of glycolytic

capacity can only be attained by high intensity, anaerobic exercise, while improvement

of the capacity to maintain relatively low speeds up to several hours, can be attained

most effectively by endurance training. Consequently, for enhancing the capacity of

anaerobic energy metabolism near maximal sprint intensity exercise of short duration is

required. When increase of aerobic capacity is strived for, the intensity of the exercise

can be lower, approximating the V O ^ x speed. In both cases the exercise intensity is

close to or above the speed at which VC^™, is reached. For this purpose in practical

training in general repeated bouts of short duration is employed, often referred to as

interval training.

In interval training a subsequent exercise bout is performed before complete

recovery of the previous bout is attained. The specific response to interval training may

differ by varying the intensity and duration of each exercise bout as well as varying the

length of the recovery period and also the number of repetitions. In interval training

13
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the duration of each exercise bout, depending on the exercise intensity, may vary from

10 s to 5 min, with recovery periods also varying from 10 s to 5 min.

When interval training is employed for increasing anaerobic capacity, the

intensity should be above the speed at which VO?,^ is reached. The duration of each

bout varies in practice between 30 s and 1 min. Generally no more than 6 repetitions

can be performed, because of increasing fatigue. The recovery between the exercise

bouts varies between 1 to 4 min (1, 7).

For enhancing aerobic capacity also interval training is used. For this purpose an

intensity close to the VOj,™, speed is chosen. In practical training of athletes, exercise

bouts of 3-5 min at an exercise intensity of 70-90% of maximal heart rate often are

used. In human athletes such an aerobic interval training session often consists of 3-6

repeated work bouts (7). The number of repetitions is usually limited by fatigue. With

shorter duration of the exercise bouts, for instance 1 min, a higher number of

repetitions (10-20) can be attained. In horse training this latter type of interval training

is not often used.

The other main type of training is aerobic or endurance training, consisting of

continuous exercise at an intensity which may vary between 50% and approximately

')()% of the maximal oxygen consumption (VOjmax)- Because the relationship between

oxygen consumption and heart rate is linear, heart rate is generally used to quantify the

intensity of endurance exercise. Because the exercise intensity is below the speed at

which VOj,,,.,» can be reached a limited improvement of VO;™,, can be expected by

endurance training. In humans it has been shown that for improving VC^ax in

relatively untrained subjects the exercise intensity should be 70-90% of maximal heart

rate, and that an intensity of 50% V O 2 ^ , is insufficient to increase V O ^ x -

Although in humans different types of training have been studied by several

investigators (7), in horses little is known about the physiological response to the

different types of interval training and endurance training. The most difficult, but also

most important issue of training is to find the optimal intensity and volume for each

individual, leading to the best results in competition. Below this optimal level,

14
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performance most probably fails to reach its maximum, while a too strenuous training

program can lead to overtraining.

.,2.2 Overtraining, overreaching and staleness: occurrence and definitions

If the duration of the recovery is insufficient to restore the exercise-induced

disturbance in homeostasis, recovery is incomplete and premature fatigue may be

encountered. One may speak of overtraining. The term overtraining is used in all

instances where recovery is incomplete and the training load exceeds the functional

capacity of organs or organ systems. If the imbalance between exercise-induced

disturbance in homeostasis and recovery is continued for some days, one may speak of

short-term overtraining or overreaching. Short term overtraining is usually characterised

by increase of fatigability. Overreaching is generally reversible within a couple of days,

if the daily training load is lowered. When the imbalance between exercise and

recovery is maintained for several days, in addition of increased fatigability also

behavioural symptoms are often seen. This advanced overtraining is referred to as

overtraining syndrome or staleness (6). In staleness a complex of symptoms may be

observed such as irritability, diminished food intake and a lowered performance

capacity (6). Overreaching and staleness are frequently found in horses as well as in

man. The symptoms of overreaching and staleness are in general similar in both

species (8, 9).

1.2.3 Practical aspects of horse training

In human sport, training is to a certain extent based on the results of

experimental research in exercise physiology. In general, this is not the case in equine

sport. In Thoroughbreds and standard bred trotters and pacers the ultimate goal is

running with the highest possible speed over distances ranging from 1000 m to 7000

m, but mostly shorter than 2500 m. A high maximal oxygen uptake is a prerequisite for

these types of performances. The training program generally consists of a mixture of
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endurance running at intensities below VO2^« and interval training close to or above

the VO2TOX speed. The exercise intensity, duration of each exercise bout and the

number of repetitions is mostly based on experience and intuition rather than on the

outcome of scientific studies. Often the different factors contributing to actual racing

performance, such as acceleration, anaerobic power, and V O ^ , , are rarely

specifically trained. So, in the horse the precise physiological responses to different

types, intensities and volumes of training remain largely unknown.

1.3 AIMS OF THE PRESENT STUDY

Although a host of training studies have been conducted in man, relatively little

is known about the physiological response to various types of training in the horse.

Although interval training and endurance training are employed in equine sport, the

applied exercise intensity and the number of repetitions have little scientific basis. To

conduct well controlled studies in practice is very difficult because the external

conditions make standardisation virtually impossible. Not only the effects of different

types of training are largely unknown, also the optimal amount of exercise is uncertain.

The main reason lies in the fact that at present in horses the relationship between

volume of training and physiological response, which is relevant for optimising the

training and to prevent overtraining, is largely unknown.

To study the physiological basis of training effects one may look at blood

chemical variables and biochemical variables in muscle tissue. To perform these types

of analysis the reproducibility of the methods and variables used should be known.

Therefore one of the aims of this thesis is to study the variability of fiber type

distribution and some biochemical variables in muscle biopsies taken from the gluteus

medius muscle from various spots and depths to delineate the region of choice for

obtaining biopsies in further investigations (chapter 3).

Effects of training are generally assessed by exercise tests, which measure an

overall effect. The most frequently used variables are heart rate and plasma lactate as a
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function of running speed. However, to draw conclusions about certain changes the

unexplained variability of the parameters should be known. Therefore, one of the aims

of this thesis is to study the variability of the relationship between exercise intensity,

heart rate and plasma lactate concentration. Although commercially available heart

rate monitors are often used in practice, its reliability at high frequencies is poorly

investigated in horses. Therefore the heart rates obtained by ECG were compared with

heart rates measured by a commercially available heart rate monitor. In addition, tlu>

accuracy of two mathematical models with plasma lactate concentration and heart rate

at submaximal intensity as input variables, for estimating maximal heart rate, was

investigated (chapter 4).

In the present study all training and testing was controlled because all exercise

was done on a treadmill. One of the purposes of this thesis is to investigate physical

performance capacity and physiological adaptations to a training protocol consisting of

exercise that gradually increased in volume and intensity and to seek for indicators for

early (overreaching) and advanced overtraining (stateness) (chapter 5). Such an

indicator would help to optimise the training process and to prevent advanced

overtraining.

In humans as well as in horses, aerobic and anaerobic exercise is used to

increase the physical performance capacity. For a scientific based choice of the type of

exercise at different stages of the training process, more knowledge is needed about

the effects of the different types of exercise. One of the aims of this thesis is to study

the effects of different training programs that are employed in practice on the physical

performance capacity of horses. Therefore, exercise programs with mainly aerobic

exercise (chapter 6), a combination of aerobic and anaerobic exercise (chapter 7) and

anaerobic exercise (chapter 8) have been studied. Performance was measured on the

treadmill as maximal running speed, total running time and total amount of work

delivered. To obtain insight into the mechanisms of the effects of the training
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protocols, muscle biopsies were taken to investigate various compounds involved in

energy metabolism.

In the last chapter of this thesis (chapter 9) all findings of this study are

discussed in the light of literature available and the application to the practice of horse

training.
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PHYSIOLOGICAL AND BIOCHEMICAL

BACKGROUNDS OF TRAINING IN HORSES

This chapter will be published as:

G. Bruin, H. Kuipers and G.J. van der Vusse

Physiological and biochemical backgrounds of training in horses

Int J Sports Med (Accepted for publication)
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Chapter 2

2.1 INTRODUCTION

Since an important part of the present study was focused on muscle tissue and

its energy metabolism, a brief overview of the main features of skeletal muscle

physiology and energy metabolism is presented.

2.2 SKELETAL MUSCLE

Skeletal muscle tissue is formed in the embryonic phase during which

myoblasts, which will eventually form skeletal muscle, fuse and form tubes, the

myofibers. After fusion to myofibers the nuclei migrate to the periphery while the core

of the muscle fiber is filled with organelles, directly or indirectly involved in contractile

activity.

The functional unit of a muscle consists of the motor-unit, a group of muscle

fibers innervated by one single motoneuron. Each muscle fiber contains a number of

organelles, of which the myofibrils occupy the largest volume and are responsible for

the contractile process. Each myofibril consists of actin and myosin filaments. The

myosin filament is composed of myosin molecules, each consisting of two heavy chains

and four light chains. One end of the two heavy chains is folded into a globular

protein, the myosin head. This part of the myofibril contains myosin-ATPase. The actin

filament consists of three different proteins: actin, tropomyosin and troponin. Troponin

is composed of three different protein subunits with respectively a strong affinity for

actin, tropomyosin and Ca^* (1, 22, 59). During muscle contraction the myosin head

binds with actin and actomyosin is formed. The troponin-tropomyosin complex inhibits

the myosin-actin binding. During depolarisation small quantities of Ca^-ions are

released from the sarcoplasmic reticulum into the cytosol. A proportion of these

Ca^-ions binds to troponin. The troponin supposedly undergoes a structural change

that results in a movement of the tropomyosin. This "uncovers" the active sites of the

actin, thus allowing contraction to initiate and proceed. To allow relaxation Ca^-ions
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are transported back into the sarcoplasmic reticulum by an ATP-driven pump resulting

in a disconnection of actin and myosin.

Based on myosin ATP-ase activity which is related to the speed of contraction,

muscle fiber types can be divided histochemically into two main classes, slow-twitch

(type I) and fast-twitch (type II) fibers (Fig. 2.1).

Fig. 2. J Cross sect/on of human quadriceps femons musc/e stained with myofibri//ar A7P-ase,

pre-/ncubated at pM = 4.6. The dark fibers represent type /, the /ighf/y stained type //b, and the

unstained fibers type //a.

Making use of different pH-labilities of the various isoforms of myosin ATP-ase, the

type II population can be further subdivided into type lla, lib, and type lie. In general

type lla has a higher oxidative capacity than type Mb, while type lie fibers are

considered as young, undifferentiated fibers (32). It is generally assumed that the fiber

type distribution in the different muscles is genetically determined so that after birth

fiber-type distribution changes only minimally (13, 25, 51).
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In general, type I (slow twitch) fibers have a higher oxidative capacity than type

II fast twitch fibers. Therefore type I fibers have a higher fatigue resistance than type II

fibers. Although a correlation between contractile properties and oxidative capacity is

generally found, in humans as well as in horses a large variation in oxidative capacity is

seen within muscle fibers belonging to the same type (64).

Each skeletal muscle contains a mixture of fibers belonging to the type I and the

type II population. Between horse breeds there are large differences in fiber type

distribution. The horses bred for speed have a larger percentage type II fibers. In

Standard bred trotters there are about 75-80% type II fibers in the gluteus medius

muscle (37, 56). The presence of different fiber types in each muscle has an important

functional significance, because the motor neurons innervating the different fiber types

differ in recruitment threshold. During low-intensity exercise mainly type I fibers are

activated (41). In exercise of longer duration and/or higher intensity not only type I but

also a larger number of type II fibers are recruited, while at the highest intensities all

fiber types are active at the same time (12, 19, 21, 24, 55, 65).

For studying metabolic processes in skeletal muscle, the needle biopsy

technique is a convenient and generally employed method to take small tissue samples

(50-200 mg) from muscular tissue (3). Because in humans the quadriceps femoris and

the gastrocnemius muscles are involved in a variety of physical activities, these muscles

are often used for biopsy sampling. In horses the gluteus medius muscle is important in

running (36, 57). Therefore in horses this muscle is commonly used for taking muscle

biopsies.

2.3 ENERGY METABOLISM

Muscle contraction requires a continuous supply of energy in the form of ATP.

Hydrolysis of this high energy phosphate compound yields energy to allow for proper

functioning of the actin-myosin complex and intracellular ion pumps. ATP is

regenerated by aerobic and anaerobic metabolic processes. Substrates for aerobic
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energy conversion are glucose, fatty acids, ketone bodies and to a minor extent amino

acids. Anaerobic regeneration of ATP is mainly achieved by phosphocreatine and by

substrate-linked ATP formation in the glycolytic pathway with glucose as substrate.

Clucose can be derived from extracellular sources or from the endogenous

carbohydrates store, i.e., glycogen.

In figure 2.2 a very simplified scheme of muscle energy conversion is presented,

indicating the glycolytic pathway (the conversion of glucose into pyruvate), the

incorporation of glucose in the intracellular carbohydrate store, and the conversion of

pyruvate into lactate (anaerobic conditions) or into acetyl CoA (aerobic conditions).

Moreover, the incorporation of fatty acids in the intracellular lipid pool (triacylglycerols)

and the stepwise degradation of fatty acids into acetyl CoA via the B-oxidation pathway

are shown. Ketone bodies and some amino acids may also serve as substrates for the

formation of acetyl CoA. Acetyl CoA plays a central role in muscle aerobic energy

conversion as it provides carbon and hydrogen atoms to the citric acid cycle.

Condensation of the acetyl residue of acetyl CoA with oxaloacetate yields citric

acid. I he latter compound is stepwise degraded to oxaloacetate. Energy stored in citric

acid is used to regenerate ATP from ADP and inorganic phosphate in a highly

controlled system, the so-called respiratory chain. The availability of molecular oxygen

is an absolute prerequisite for respiratory chain-linked ATP formation. Below, the

uptake and intracellular conversion of glucose and fatty acid, and muscle high-energy

phosphate metabolism will be discussed in more detail. For detailed information of the

citric acid cycle and the function of the respiratory chain the reader is referred to

general textbooks of biochemistry (10, 59).
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glucose

lactate

tnacylgiycerol-i

FACoA FA

NAD*, fp ^ ADP ATP

RC

NADH. fpH/

ADP ATP

Fig. 2.2 High/y schematic representation o/muscu/ar energy converting pathways. M refers to

/affy adds, RC to resp/ratory cha/n, /p to flavoprote/n, CDP and C7P to guanosine d/phosphate

and triphosphate, respect/ve/y, and O to mo/ecu/ar oxygen.
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2.3.1 Uptake and conversion of carbohydrates in skeletal muscle cells.

Glucose is the main carbohydrate that serves as substrate for muscular ATP

production. Either derived from diet or synthesised in the liver, glucose is transported

via the bloodstream to muscle cells. The bulk of glucose diffuses through endothelial

clefts to the interstitial compartment. Transport of glucose from the interstitium to the

cytoplasm across the sarcolemma is protein-mediated (Fig. 2.3). Recent investigations

have revealed the existence of a variety of glucose transporting proteins (48). At least

two members of the family of glucose transporters (i.e., GLUT1 and GLUT4) have been

identified in muscles. Evidence is accumulating that the biological activity of GLUT4 is

regulated by insulin. Insulin promotes the transition of GLUT4 from intracellular stores

to the sarcolemma. Less information is present on the regulation of the biological

activity of GLUT 1 in skeletal myocytes.

After extraction from the interstitial compartment glucose is rapidly converted

to glucose 6-phosphate by hexokinase. Phosphorylation of the glucose moiety most

likely prevents back-diffusion (or transport) of the glucose moiety to the extracellular

space. Under resting conditions the bulk of glucose is used to replenish the glycogen

stores exhausted during previous bouts of exercise. To this end glucose 6-phosphate is

converted to glucose 1-phosphate, and subsequently incorporated via UDP-glucose in

glycogen. The latter process is catalysed by glycogen synthase. Release of glucose from

the intracellular carbohydrate pool is achieved by action of glycogen phosphorylase,

yielding glucose 1 -phosphate.

Both glycogen synthase and glycogen phosphorylase are highly controlled

enzymes. Phosphorylation of the enzymes as occurs after stimulation of the muscle

cells by agonists like (nor)adrenaline, results in inactivation of glycogen synthase and

activation of glycogen phosphorylase. Ca'* ions, the concentration of which increases

during muscular activity, also promote activation of glycogen phosphorylase and inhibi-

tion of glycogen synthase via alterations of the degree of phosphorylation of the two

enzymes.
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Fig. 2.3 Schemat/c ove/v/ew of ce//u/ar carbohydrate metabo//sm. /Arrows with so//d and broken

/ines refer fo mef.abo//c convers/ons and routes of transport, respect/ve/y. Pi refers to inorgan/'c

phosphate, UDP to undine d/phosphate, and L/7~P to uridine tr/phosphate. Number 7 through

78 refer to proferns or enzymes cata/yzing the ;nfrace//u/ar conversion of carbohydrates; 7,

g/ucose transporter ( Q f 7 ) ; 2, hexofc/nase, 3, phosphog/ucose /somerase; 4, 6-phosphofructose-

7-k/nase; 5, frucfose-b/phosphate a/do/ase; 6, tr/ose phosphate /somerase; 7, g/ycera/dehyde-3P

dehydrogenase; 8, phosphog/ycerate fc/nase; 9, phosphog/ycerate mutase; 70, eno/ase; 7 7,

pyruvate fc/nase; 72, pyruvate dehydrogenase; 73, /acfate dehydrogenase; 74,

pbosphog/ucomutase; 75, g/ucose-7P ur/dy/y/transferase; 76, g/ycogen synthase (and 7,4-a-

g/u< j n branching enzyme,); 7 7, g/ycogen phosphory/ase Cand debranch/ng enzyme,); 78, /actate

transporter.

Moreover, other humoral factors such as AMP, ATP, and glucose 6-phosphate are

exerting a regulatory effect on the rate of glycogen synthesis and degradation.

Glucose 1-phosphate is stepwise degraded to pyruvate in the glycolytic pathway

(Fig. 2.3). A crucial step in the glycolytic pathway is the conversion of fructose 6-

phosphate to fructose 1,6-biphosphate catalysed by 6-phosphofructo-1-kinase. The

activity of this enzyme is regulated by a variety of factors. In general, the enzyme is

active during moderate muscle activity and inactive under resting conditions. AMP,

fructose 1,6-biphosphate and inorganic phosphate exert a stimulating allosteric effect

on the enzyme, whereas ATP, citrate and hydrogen ions (low pH) have a negative

effect on the activity of 6-phosphofructo-1-kinase. In the contracting muscle fibers, the

intracellular levels of AMP, inorganic phosphate and fructose 1,6-biphosphate are

increased resulting in an enhanced glycolytic flux. During rest, ATP levels are high

which will impede the flux through the glycolytic pathway. Inhibition of

fa-phosphofructo-1-kinase by citrate can occur both in resting and contracting muscle

fibers and is thought to play a role in the competition between fatty acids and glucose

in oxidative energy conversion, since increased cellular consumption of fatty acids is

known to bo accompanied with elevated citrate levels. The inhibition of the enzyme
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and, hence, glycolytic flux by hydrogen ions is most likely a safety measure of the

muscle cell to slow down the glycolytic production of lactate under anaerobic

conditions in order to prevent an excessive drop in intracellular pH, which may lead to

damage of cellular structures.

Fructose 1,6-biphosphate is cleaved into two 3-carbon containing glycolytic

intermediates, i.e., dihydroxyacetone phosphate and glyceraldehyde 3-phosphate by

action of the enzyme aldolase. The 3-carbon intermediates are subsequently converted

to pyruvate. The latter substance is produced from phosphoenol pyruvate by pyruvate

kinase. The activity of pyruvate kinase is controlled by phosphorylation of the enzyme.

In anaerobic conditions NADH produced is utilised to convert pyruvate into lactate. It

is of interest to note that in the first stage of the glycolytic pathway 2 moles of ATP are

invested, whereas in the trajectory from glyceraldehyde 3-phosphate to pyruvate 4

moles of ATP are produced. Hence, the net production of ATP in this metabolic

pathway is 2 moles of ATP under anaerobic circumstances. In case glucose is aerobi-

cally degraded via the citric acid cycle to COj and H^O in toto 36 or 38 moles of ATP

are produced per mole of glucose.

With respect to muscle glucose metabolism substantial differences exist be-

tween type I and type II muscle fibers. In addition, species differences have to be

considered. Since fast twitch fibers (type II) rely more on glycolytic ATP production

than oxidative slow twitch fibers (type I), it is not unexpected that the glycolytic

capacity of fast-twitch fibers exceeds that of slow-twitch type I fibers. Moreover, the

resting content of glycogen is higher in type II than in type I fibers (12). In equine

muscles the amount of glycogen is in general twice as high than in corresponding

muscles in men (45).

2.3.2 Uptake and conversion of fatty acids in skeletal muscle cells

Lipids are the main source of energy of muscles, exercising under normal,

aerobic circumstances. Lipids are supplied to the muscle cells via the bloodstream
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either in the form of fatty acids incorporated in the triacylglycerol core of circulating

lipoproteins, or complexed to albumin (Fig. 2.4).

fig. 2.4 ffor/egends see next page) ' •-.••;-* •..•;••

plawrw-
o i l

HO.

(TB

FA .FA

ALB

>FA

•tatylCoA

32



Chapter 2

fig. 2.4 Schematic representation of fatty acid degradation and incorporation in triacy/g/ycero/s.

So/id and broken arrow /ines refer to metabo/ic conversions and transport routes, respective/y.

AiB refers to a/bumin, VIO1 to very low density /ipoproteins, chy/o to chy/omicrons, (PI to

/ipoprotein /ipase, 7C to friacy/g/ycero/ in the core of chy/omicrons and VIDt, M to fatty acid or

fatty acy/, FA8P to fatty acid-binding protein, Gv\ to coenzyme A. Numbers refer to en/ymes

and transport proteins; 7, fatty acy/ CoA synfhefase; 2, carnitine acy/transferase (GAT-/); J,

carnitine-acy/carnitine trans/ocase; 4, carnitine acy/fransferase (CAT-//.), 5, fatty acy/ CoA

dehydrogenase; 6, enoy/ CoA hydratase; 7, 3-hydroxyacy/ CoA dehydrogenase; 8, 3-

ketothio/ase; 9, acy/transferase / and //; 70, phosphatidate phosphate and acy/fransferase ///; 7 7,

triacy/g/ycero/, diacy/g/ycero/ and monoacy/g/ycero/ /ipase

The former source of fatty acids originates from liver (very low density lipoproteins) or

from intestinal cells (chylomicrons). Fatty acids are released from the lipoprotein-

triacylglycerol core by lipoprotein I ipase, an enzyme attached to the luminal

membrane of endothelial cells, constituting the wall of the microvasculature (69).

Albumin-bound fatty acids originate from adipose tissue. These substances are

released from fat cells by action of hormones such as adrenaline. Prior to uptake in

muscle cells, fatty acids are dissociated from the albumin-carrier, and transported

through the microvascular endothelium via an incompletely understood mechanism

(69). The same route is followed by fatty acids hydrolysed from lipoprotein-

triacylglycerols.

Fatty acids are subsequently transported from the interstitial space to the

cytoplasm across the cellular membrane of the skeletal myocytes. Recent findings

suggest that membrane proteins are facilitating transmembrane transport of (part of)

fatty acids (69).

Inside the myocyte fatty acids cross the space from sarcolemma to the intracel-

lular sites of metabolic conversion by diffusion. Fatty acid-binding protein is most likely

involved in this cytosolic transport process (Fig. 2.4). Fatty acids can be converted at

the endoplasmic reticulum, the peroxisomal membrane, and the mitochondrial outer
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membrane. In skeletal muscle cells the bulk of fatty acids is most likely converted into

fatty acyl CoA by fatty acyl CoA synthetase located at the mitochondrial outer mem-

brane. The two other sites of conversion play a minor role in this cell type (69).

Fatty acyl CoA stands at a crossroad of various metabolic pathways (Fig. 2.4).

Part of the acyl residues of this compound is incorporated in the endogenous

triacylglycerol-pool and in membrane phospholipids. In exercising muscles the bulk of

fatty acids extracted from the extracellular environment is further metabolised in the

mitochondrial matrix. To reach this space the fatty acyl residue of acyl CoA has to be

transported across the mitochondrial inner membrane. As the inner membrane is virtu-

ally impermeable for acyl CoA, acyl CoA is first converted to fatty acylcarnitine by

carnitine acyltransferase I. Acylcarnitine crosses the inner membrane in exchange of a

molecule carnitine. Inside the mitochondria fatty acylcarnitine is converted to fatty acyl

CoA, and stepwise degraded to acetyl CoA in the G-oxidative pathway (Fig. 2.4).

The acetyl residue of acetyl CoA is subsequently oxidised to CO> and H^O via

the citric acid cycle and respiratory chain, both located in the matrix and inner

membrane of the mitochondria. The total amount of ATP produced by complete

oxidation of a fatty acid depends on the number of carbon-atoms and unsaturated

bonds in the aliphatic chain of the fatty acid. For instance, complete oxidation of one

mole of palmitic acid (C 16:0) yields 129 moles of ATP.

In addition to fatty acids derived from extracellular sources, fatty acids present

in triacylglycerols in cytoplasmic lipid droplets can readily serve as oxidizable substra-

tes. Various types of triacylglycerol lipases are present to liberate fatty acids from the

endogenous lipid store. It is nowadays generally accepted that the hormone-sensitive

lipase plays a crucial role in endogenous triacylglycerol hydrolysis.

Experimental findings indicate that in skeletal myocytes substantial differences

exist between fast and slow-twitch fibers with respect to the triacylglycerol content. In

humans, the oxidative, slow-twitch type I fibers contain 3 to 5 times more endogenous

triacylglycerols than type II fibers. Species differences are also present. Rat and monkey

skeletal muscles were found to contain less triacylglycerols than corresponding muscles
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in man and dog (69). The activity of enzymes and the content of proteins involved in

cellular fatty acid handling are in general significantly higher in type I muscle cells than

in fast-twitch, glycolytic type II muscle fibers (69). ,....

2.3.3 Alternative substances for muscle energy production

In addition to glucose and fatty acids skeletal muscle cells are able to utilise

lactate, ketone bodies and some amino acids as oxidizable substrates. During submaxi-

mal exercise the slow-twitch type I fibers extract lactate from the interstitial space, and

oxidise this substrate after conversion via pyruvate to acetyl CoA . The bulk of lactate is

produced by the neighbouring glycolytic type II fibers (61, 62). In submaximally

exercising horses on the order of 5% of total oxygen consumption is used for oxidation

of lactate (70). In the resting muscle the amount of lactate used for energy conversion

is less than during exercise, and the bulk of circulating lactate is utilised for de novo

synthesis of glucose in the liver. Hence it is important to realise that lactate levels in

blood plasma reflect the difference between production in muscles and utilisation in

heart, liver and type I muscle fibers.

Ketone bodies are produced in the liver during fasting and are released into the

vascular compartment. These substrates can be easily extracted by skeletal muscle cells

and oxidised in the mitochondrial matrix after conversion into acetyl CoA.

A variety of amino acids can also serve as energy donors in exercising muscle

after transamination and/or deamination of the amino group. Their contribution,

however, is limited in normal conditions (59).

2.3.4 High-energy phosphates

As pointed out above, high-energy phosphates, such as ATP, play a pivotal role

in skeletal muscle contraction. The chemical energy stored in the terminal phosphate

bond of ATP is used for contraction and relaxation of the actin-myosin complex.

Moreover, ATP is required for maintaining the cellular ion concentrations at

physiological levels via ATP-dependent membrane ion pumps.
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As discussed earlier, ATP is produced in the glycolytic, anaerobic pathway, and

by oxidative phosphorylation in the mitochondrial matrix. ATP is transported across the

mitochondrial inner membrane in exchange of ADP. The bulk of ATP reacts with

creatine yielding phosphocreatine and ADP. This reaction is catalysed by

mitochondrial creatine kinase. ADP is transported across the mitochondrial inner

membrane, back into the matrix, in exchange of ATP. Phosphocreatine diffuses

through the cytosol to sites in need of energy. In the cytosolic space phosphocreatine

reacts with ADP giving rise to the formation of ATP and creatine. Creatine diffuses back

to the mitochondrion and ATP donates its energy for muscle contraction and/or ion

pump activity.

Under normal circumstances the cellular ATP content is kept at a constant level.

In the absence of O j , phosphocreatine is used to replenish the ATP store. Substrate-

linked phosphorylation in the glycolytic pathway is also capable to regenerate ATP

from ADP under oxygen-restricted conditions. These processes prevail during short-

term exercise at relatively high intensity. In submaximal exercise of a duration longer

than 30 to 60 s oxidation of glucose and/or fatty acids in mitochondria, located

between the myofibrils or close to the sarcolemma, is required to generate ATP from

ADP and inorganic phosphate. Striking differences exist in mitochondrial density

between slow-twitch type I and outspoken glycolytic type Mb fibers. The mitochondrial

content in the latter muscle cells is considerably lower than in type I fibers. In contrast,

the mitochondrial density of type lla fibers is in the same order of magnitude of that of

type I fibers. Despite this fact, it has been found in rat muscle, that the turnover rate of

the cellular ATP pool is approximately 2 to 4 times higher in type lla than in type I

fibers during short-term near maximum aerobic exercise (23).

When ATP utilisation exceeds the regeneration of ATP, the cellular ATP level

starts to drop. In the first line of defence stands the enzyme myokinase, catalysing the

reaction 2 ADP = > ATP + AMP (Fig. 2.5).
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f;g. 2.5 Ma/or paf/iways invo/ved /n fhe degradat/on 0/ aden/ne nuc/eof/des. Dotted //nes

/nd/cate transport of substances, W refers to /norgan/'c phosphate, PW to pyrophosphate, R- 7 P to

ribose-7-phosphate, and O?- • to superox/de an/on; 7, aden/ne nuc/eot/de frans/ocase; 2,

g/yco/yt/c /\rP product/on; 3, energy requ/r/ng processes; 4, pyrophosphate form/ng enzymes; 5,

adeny/ate k/nase (myo/c/nase;, 6, AMP-deam/nase; 7,endo-5-nuc/eof/dase; 8, ecto-5'-nuc/eoti-

dase; 9, adenos/ne deam/'nase; 70, nuc/eos/de phosphory/ase; 7 7, xanth/ne dehydrogenase,

and 7 2, xanfh/ne ox/dase /vv/'fh perm/ss/on from Van 8;7sen

Although this reaction is helpful to regenerate ATP from ADP it cannot prevent a

further decline in cellular ATP content. AMP starts to accumulate, which will result in

the formation of IMP (a metabolic conversion catalysed by AMP deaminase).

Alternatively, AMP can be catabolised to adenosine by 5' nucleotidase (Fig. 2.5). The

same enzyme catalyses the degradation of IMP to inosine. Removal of the amino group

of adenosine by action of adenosine deaminase also results in the formation of inosine.

Inosine is further degraded to hypoxantine, xanthine, and uric acid in the

mirrovasrular onHnthnlial rolle (Fig 3 <:) The latter metabolic etopc are catalycod by

inosine phosphorylase and xanthine dehydrogenase/oxidase, respectively.

Accumulation of IMP in skeletal muscular tissue has been proven to be a

sensitive marker for the imbalance in ATP utilisation and regeneration (50). Production

of IMP can occur in both type I and type II fibers (49). In contrast to the phosphate

containing nucleotides, such as ATP, ADP, AMP and IMP, nucleosides and (oxy)purines

(inosine, adenosine, hypoxine, xanthine) can easily leave the cell and are removed by

blood streaming through the microvascular bed.

ATP can be resynthetised from hypoxanthine (by the salvage pathway) or de

novo from phosphoribosyl pyrophosphate, glutamine and glycine. The latter anabolic

process is highly energy dependent and is relatively slow (59).
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2.4 TRAINING ADAPTATIONS

It is important to realise that performance is determined by several organ

systems and that the adaptations to training affect all organ systems in the body. A brief

overview is presented of the main training effects.

2.4.1 Training and the cardiorespiratory system

As parameter for the aerobic capacity generally the maximal oxygen consumpti-

on (VO2™,,) is used. Training causes an increase in VCX,™ up to approximately 25%.

This increase in VO2,^x is attributable to various factors. One is a training-induced

increase in the maximal cardiac output, which is largely caused by an increase in stroke

volume (2). Another adaptation of training is an increase of the oxygen extraction,

resulting in an increased arterio-venous difference of oxygen content (5, 15, 16, 17,

18, 40). The increased oxygen extraction is attributed to an increased capillarization

and an increase in mitochondria in the muscle (2).

2.4.2 I raining ot skeletal muscle

The number and type of muscle fibers in a specific skeletal muscle are settled at

birth and hardly change during post-natal development. However, the muscle mass

does increase during life. The increase in muscle mass during youth is caused by long-

itudinal growth and by increasing the number of myofibrils within each muscle fiber. A

larger muscle diameter is associated with an increased strength (7). An increase in

muscle mass, and consequently an increase in force can also be elicited by training.

However, maximal force per square cm of muscle is hardly different between trained

and sedentary individuals.

Muscle tissue is constantly renewed and remodelled. Therefore, there is a

continuous degradation and rebuilding of muscle proteins. The average half-lives of rat

muscle proteins vary between 12-18 days (35). In humans, estimations of protein

degradation lead to an estimated half-life time of approximately 20 days (38). Sprint
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training has been shown to cause a higher turnover of myosin in type II fibers; in

endurance training all fiber types show this phenomenon (52). These differential adap-

tations are supposed to be related to selective recruitment during sprint and endurance

exercise. These fiber type specific adaptive changes in muscles are also found in the

metabolic machinery of muscle fiber (4, 33, 34, 47)(see below). Sprint training induces

metabolic adaptations especially in type II fibers, while endurance training results in a

specific metabolic adjustment in type I fibers (60). Both sprint- and endurance training

result in increased amounts of mitochondrial enzymes in man as well as in horses (14,

25, 42, 63). In these animals draught training also improves the oxidative capacity and

results in a lower lactate level after an identical external work load during a training

period (20). The changes are most evident in the first 3-4 weeks of the training period.

Training leads to an increased tissue perfusion by an increase in the number of

capillaries, which reduces the diffusion distance. The increasing amount of capillaries is

linearly related to increases in the V O i ^ , (see below).

2.4.3 The effect of training on skeletal muscle energy metabolism

One of the aims of physical training is to improve the metabolic capacity of

skeletal muscles in order to enhance performance. In general, endurance training is

performed to enhance aerobic ATP production in muscles used during continuous

exercise, whereas sprint or high-intensity training is meant, among others, to increase

the capacity and rate to produce ATP under anaerobic conditions during short term

intensive exercise. Because of the complex nature of muscle energy conversion, trai-

ning does most likely not affect one particular step in the various metabolic pathways.

On the contrary, the whole spectrum of perfusion of the vascular bed (that means

supply of nutrients and oxygen to the exercizing muscles), the amount of proteins

involved in transmembrane transport, the activity of enzymes playing a key role in the

metabolic pathways, mitochondrial density, the amount of carbohydrates and

triacylglycerols stored in the muscle cells, and the cytoplasmic concentration of high-

energy phosphates may all alter as a consequence of the training program applied.
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2.4.3.1 Training and skeletal muscle perfusion

Endurance training generally increases the degree of capillarization of skeletal

muscles (51). This finding indicates that the supply of nutrients, such as glucose and

fatty acids, and of molecular oxygen is improved in the endurance-trained muscle.

Moreover, an increase in number of capillaries reduces the diffusion distance of the

nutrients from the blood compartment to the exercising muscle cells. This might

especially benefit type II fibers (51).

2.4.3.2 Training and mitochondrial oxygen consumption

A host of studies has show that mitochondrial density in muscle cells is increa-

sed as a consequence of both sprint and endurance training (14, 25, 42, 63). This

effect of training has been observed in a variety of species, including man and horse.

Due to the increase in number of mitochondria, the maximal oxygen consumption rate

of the muscles is enhanced. Concomitantly, at comparable workloads the production

of lactate is reduced in trained muscles indicating a shift from anaerobic conversion of

pyruvate to lactate to aerobic degradation of pyruvate via acetyl CoA in the mitochon-

drial matrix. It should be realised that the degree of capillarization and the mitochon-

drial density are not the sole factors determining VC^™,- Cardiac stroke volume and

the oxygen carrying capacity of blood are important factors as well (2).

2.4.3.3 The effect of training on muscle glucose utilisation

Experimental studies performed during the past decade have provided conflic-

ting findings regarding the effect of training on carbohydrate consumption in skeletal

muscle. Striking species difference may exist between rat and man. In rats, daily physi-

cal training results in an increased uptake of glucose during exercise, associated with

enhanced levels of CLUT4, and elevated activity of hexokinase and citrate synthase in

soleus muscle (53). Other investigators (46) found in endurance-trained rats an

increase of glucose uptake in both fast-twitch and slow-twitch red fibers. CLUT1 and

CLUT4 content was significantly enhanced in fast-twitch red fibers. Neufer and
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colleagues (44) also observed in rats a positive effect of endurance training on the

expression of GLUT4 in soleus and red vastus lateralis muscle, but not in white vastus

lateralis muscle. Idstrdm and co-workers (27), however, failed to demonstrate in rats an

increase of the maximal activity of glycolytic enzymes. Moreover, no differences were

found in glucose transport or net glucose uptake between trained and sedentary rats.

In contrast, in man endurance training generally results in a decrease of glucose

consumption of muscles during sub-maximal exercise. Both consumption of blood-

borne glucose and utilisation of glucose from the endogenous glycogen store is redu-

ced in physically trained individuals (6, 30), whereas VO.max increased. These findings

clearly indicate a carbohydrate sparing effect of endurance training. In man, the

content of CLUT4 in human skeletal tissue is increased after endurance training (48).

Because an enhanced glucose transporter content suggests increased glucose utilisation

rather than decreased consumption of blood-borne glucose these findings may seem

paradoxical at first sight. However, it cannot be excluded that the elevated content of

CLUT4 in trained muscle is localised intracellularly and, hence, does not take part in

glucose transport across the sarcolemma during the exercise bout. Conversely, the

elevated GLUT4 content may be instrumental in replenishing the endogenous

glycogen store at a greater rate in trained than in untrained muscle cells during the

recovery period after the exercise bout. Moreover, enhanced utilization of fatty acids

(vide infra) in endurance trained muscles might impede the intracellular utilization of

glucose, providing an explanation for depressed consumption of carbohydrate in

trained muscles. The mechanisms of fatty acid-mediated inhibition of muscle glucose

utilization is poorly understood. Evidence of an operative glucose-fatty acid or Randle

cycle in trained muscle fibers is weak (69). Further studies are required to elucidate the

molecular mechanism of depressed carbohydrate consumption in skeletal muscle after

endurance training.
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2.4.3.4 Training and muscular fat metabolism

.>;• As indicated above, endurance training increases the maximal oxidative capaci-

ty of the exercising muscles and causes a substantial shift from carbohydrate to fat

oxidation (69). This metabolic shift in the endurance trained muscle may be caused by

a variety of specific adaptations. In most studies performed in several species,

endurance training increases the maximal activity of enzymes involved in fatty acid

activation and B-oxidation, such as fatty acyl CoA synthetase, carnitine acyl transferase,

fatty acyl CoA dehydrogenase, and 3-hydroxy- acyl CoA dehydrogenase. In the horse,

Snow and Guy (54) observed a 60% increase in the activity of 3-hydroxyacyl CoA

dehydrogenase in the semitendinosus muscle after endurance training. Interestingly,

high intensity sprint training did not enhance the maximal activity of rat muscle 3-

hydroxyacyl CoA dehydrogenase (58).

Conflicting findings have been reported regarding the effect of training on fatty

acid-binding protein (FABP), a cytoplasmic protein most likely involved in the transport

of fatty acids from the sarcolemma to the intracellular sites of conversion. Deggens et

al. (9) reported a significant increase of the content of FABP in rat plantaris muscle,

whereas Van Breda and colleagues (67) failed to observe any effect of endurance

training on the cytoplasmic FABP level in rat soleus and EDL muscle.

In addition to the maximal activity of enzymes involved in intracellular fatty acid

handling, other factors may also be responsible for enhanced fat utilization in trained

muscles. In this respect it is of importance to note that in trained human beings the

utilization of plasma-borne fatty acids by exercising muscles is reduced rather than

increased, despite a lower respiratory quotient (indicative for enhanced fat oxidation)

during the exercise bout (69). This is partly due to the fact that the concentration of

circulating fatty acids (complexed to albumin) is lower in trained than in untrained

individuals (8). A feasible explanation for this phenomenon is that the decline in

plasma fatty acid levels is caused by a decreased release of these substrates from

adipose tissue due to a training-induced blunting of the plasma catecholamine
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response to submaximal exercise in trained subjects. However, in spite of a decreased

uptake of circulating fatty acids, the contribution of lipid oxidation to overall muscle

energy conversion substantially increases in well-trained exercising individuals (39).

Since most authors failed to disclose an increased utilization of circulating lipoprotein-

triacylglycerols in muscles subjected to endurance training (69), despite enhanced

activity of lipoprotein lipase in trained muscles (31), the extra amount of fatty acids

utilised in the oxidative pathway most likely originates from inter- and intramuscular fat

stores. In line with this notion is the observation of Jansson and Kaijser (28), that in

untrained and trained human subjects intramuscular triacylglycerol contributed by

respectively 15% and 34% to total energy conversion during 60 min exercise at 60% of

In addition to an enhanced capacity to oxidise endogenous fatty acids in the

endurance trained skeletal muscle, resting triacylglycerol levels in skeletal muscle tissue

of trained male volunteers were found to be substantially higher than in untrained

persons (43). In contrast, Hurley and co-workers (26) failed to observe a significant

change in the triacylglycerol content of the vastus lateralis muscle in male subjects after

a strenuous training program for 12 weeks. At present, no satisfactory explanation for

the deviating findings can be offered (69).

Altered concentrations of regulatory factors in the cytoplasm of trained muscle

cells can also contribute to the shift from carbohydrate to fat utilization. For instance,

low levels of intracellular lactate, as can be anticipated in well-trained exercising

skeletal muscle fibers, might prevent the lactate-induced inhibition of carnitine acyl-

transferase (69). Moreover, less elevated concentrations of malonyl CoA, a well known

inhibitor of carnitine acyltransferase, in trained muscle may give rise to an enhanced

flux of fatty acids through the degradative pathway (69). Finally, training might favour

fatty acid oxidation at the expense of glucose utilization via the "classic" Randle cycle

(69).
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2.4.3.5 Training and muscle high-energy phosphates

Although the actual turnover rate of the muscle high-energy phosphate pool is

of utmost importance during heavy exercise, the absolute concentration of ATP and

PCr most likely also play a role in cellular functioning. In man, some studies suggest

that training has indeed a beneficial effect on the content of high-energy phosphates in

muscle tissue. For instance, Van der Vusse and colleagues (68) found that in adult

volunteers endurance training caused a slight, but significant increase in muscular PCr

levels. In young boys, Eriksson and co-workers (11) observed a 40% increase in muscle

PCr content after 4 months of training. A 7-month training program caused a substanti-

al increase in ATP concentration in human muscle (29). Others, however, failed to

demonstrate a significant effect of training on muscle ATP levels (68). At present no

data are available on the effect of training on high-energy phosphate stores of equine

muscles.
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Chapter 3

VARIABILITY IN FIBER TYPE COMPOSITION AND

IN THE CONTENT OF PHOSPHOCREATINE, ATP,

NAD AND GLYCOGEN IN EQUINE GLUTEUS

MEDIUS MUSCLE

This chapter will be published as:

G. Bruin, H. Kuipers, G. Andre, and C) . van der Vusse

Variability in fiber type composition and in the content of phosphocreatine,

ATP, NAD and glycogen in equine gluteus medius muscle

Int J Sports Med (Accepted for publication)
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3.1 ABSTRACT

interpretation of resu/ts of histochemica/ or biochemica/ ana/ysis of muscfe

bk>ps/es may be comp/icated by a high variabi/ity in the va/ues of musc/e tissue

parameters under investigation. This variabi/ify may be caused by factors such as /oca/

differences in fiber type composition and content of chemica/ compounds, and

variations in the ana/ytica/ techniques emp/oyed. To assess the var/abi/yty of fiber type

composition and content of biochemica/ variab/es, such as PCr, ATP, N,A/) andg/ycogen,

between different regions and the reproducibi/ity of tissue samp/es obtained from the

same region, biopsies were taken from the g/uteus medius musc/e of Sfandardbred

trotter stations at three different spots at a depth of either 3 or 6 rm.

/t was observed that the variation in percentage fiber types was re/ative/y sma// in

the deeper /ayers of the g/uteus medius musc/e. With one exception, the mean

percentage of type / and type // fibers did not differ between the various /ocations

investigated. The variation in biochemica/ substances was found to be the sma//est in the

deeper /ayer of the region /ocated about fl lo 9 cm ventro/atera/ to fhe midc//e of (he

straight /ine connecting the tuber coxae and the trochanter ma/or, /n genera/, the mean

va/ues of PCr, ATP, NAD, and g/ycogen did not significanf/y differ between the various

regions of the musc/e. However, the spot with the /owest percentage of type // fibers

showed a/so the /owest content of PCr, ATP, NAD, and g/ycogen.
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3.2 INTRODUCTION

Since the introduction of the needle biopsy technique (1), sampling of muscle

biopsies is a commonly used procedure in exercise physiology. It should , however, be

realised that a biopsy is a small part from a total muscle, which may hamper a correct

extrapolation of findings in the biopsy sample to the muscle in toto. Normal muscle

usually contains a mixture of the two main fiber types, i.e., type I and type II. The

mechanical and metabolic characteristics of both fiber types are different. Type I fibers

have a lower maximal contraction speed than type II fibers (12). In addition, type I

fibers display energy conversion mainly in an aerobic fashion, associated with a high

resistance against fatigue, whereas type II fibers have a high anaerobic capacity and a

low fatigue resistance (12).

As long as the relative distribution of both fiber types is constant throughout the

muscle, biopsies from different sample sites can be compared. However, it has been

shown in humans as well as in animals that the distribution of both fiber types may not

be homogeneous (2, 3, 12). Since the middle gluteal muscle is intensively used during

running, it is an attractive muscle to take biopsies from in order to obtain information

about cellular and biochemical changes during exercise. Therefore, the biopsies should

be taken from well defined locations where variations in fiber type composition and

content of biochemical substances are as small as possible.

Because analysis of biopsy samples was an important component of this series of

investigations, the aim of this study was to delineate the variability in the tissue

composition of fiber types I and II as well as variability in the content of glycogen and

high energy phosphates in serial samples taken at well defined spots and depths in the

middle gluteal muscle, in order to allow for assessment of the region of choice for

taking biopsies in future experiments.
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3.3 MATERIAL AND METHODS , ,;4»,

3.3.1 Horses and Muscle Sampling

In three Standardbred trotter stallions, ranging in age from 3 to 5 years, serial

samples were taken from the middle gluteal muscle. In each horse 3 spots were

identified and at each of the three spots 3 biopsies were taken from 2 different depths,

i.e., at 3 and 6 cm. Spot 1 and 2 were chosen at a horizontal straight line through the

tuber coxae at 10 and 20 cm behind the tuber coxae, respectively. The third spot was

located about 8 cm ventrolaterally of the other two points (Fig. 3.1). The samples were

taken with a biopsy needle (outer diameter: 7 mm), according to the technique

originally described by Bergstrom and slightly modified by others (1, 9, 14). To increase

the sample size mild suction was applied according to Evans et al. (4).

3.3.2 Analysis of Muscle Tissue

The portion of the biopsy for biochemical analysis was rapidly frozen in liquid

nitrogen. Time interval between sampling of tissue and freezing was 5 to 10 s. The

frozen tissue samples were stored at -80 C. Prior to analysis the samples were

freeze-dried overnight at - 30 C.

Freeze-dried tissue was weighed and divided in at least two parts. One part

(weighing —10 mg dry weight) was used for the determination of adenine nucleotides

and related compounds, phosphocreatine (PCr), lactate, and glucose. For this purpose

the tissue samples were extracted at -15 C in a mixture of perchloric acid (3 M) and

dithiothreitol (5 mM). The extraction volume was adjusted to the dry weight of the

tissue specimen (—25 /j'/Vng dry tissue weight). The tissue was ground with a glass rod

in the extraction fluid and subsequently rapidly frozen in liquid nitrogen and thawed to

a temperature of 4°C. The mixture was centrifuged at 4"C with 1200 g for 5 min. An

aliquot of the supernatant was removed and neutralised with KHCOj (20). The
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neutralised supernatant was stored at -80^C until further analysis.

figure .1. / Different samp/e sites of the m/dd/e g/utea/ musc/e of the horse. The meaning of the

marked spots is as fo/tows. 7. Spot J; 2. Spot 2; J. Spot 3; A. Tuber coxae; 8. Trochanter ma/or,

C. Tuber ischudicum

The second part of the freeze-dried tissue ( -5 mg dry weight) was used for

glycogen determination. The tissue specimens were kept at 100"C for 3 h after

addition of 1.0 ml of 1 M HCI to hydrolyse glycogen. Thereafter, the samples were

neutralised with tris(hydroxymethyl)aminomethane (0.12 M)-KOH (2.1 M), saturated

with KCI. The glucose residues were measured fluorometrically as described elsewhere

(19). The values obtained were corrected for the amount of free glucose already
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present in the tissue at the time of sampling and expressed as micromoles of glycosyl

units per gram dry weight.

The tissue content of adenine nucleotides and related compounds was determi-

ned by high performance liquid chromatography with the use of a modified method

after Wijnants and Van Belle (21) and described by Van der Vusse et al. (20). Briefly, a

small sample of the neutralised extract (10 /il) was applied to a reverse phase column

(Lichrosorb RP-18, Merck). Stepwise gradient elution, using two solvents, was applied

to separate the compounds of interest. Flow rate amounted to 0.8 ml/min. Solvent A

was an aqueous buffer of NH^HiPOJ (150 mM, pH = 6.0), solvent B consisted of a

1:1 (vol/vol) mixture of acetonitrile and methanol. Peaks were detected at 254 nm and

identified by comparing retention times with known standards. An example of <i

standard HPLC chromatogram is given in Fig. 3.2. In case of IMP, the presence of this

substance in the extraction fluid was positively identified by comparing the extinction

of the peak at two different wave lengths (i.e., 254 and 293 nm). LiChroCart 4-4

/AfercJc,* was used as guard column.

PCr was measured fluorometrically as described earlier (19). Lactate was assayed

according to Passoneau (11). Free glucose was assayed as described before (19).

The portion of the biopsy for histochemistry was mounted on cork and frozen in

isopentane, cooled to melting temperature in liquid nitrogen.The samples were stored

at -80°C until further processing. For histochemical staining 8 ^/m thick serial cross

sections were cut in a cryostat at -20°C and mounted on cover glasses. Serial sections

were stained for ATPase, after preincubation at pH 4.2 and pH 4.6 (12), and classified

into type I, lla, and Mb. For identification and counting of muscle fibers pictures were

made with the use of A Zeiss photo microscope.
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F/g. 3.2 (for /egend see next pagej

fig. 3.2a

fig. 3.2b

Fig. 3.2c
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Figure J.2 Typica/ HPIC chromatogram of a standard so/ution (fig. J.2a>, extract oHissue before

exercise (fig. 3.2b) and or" tissue samp/ed immediate/y after an exercise bout (fig. 3.2d. JTie

standard so/ufion contained (in nM).

7. C7P (7.7); 2. COP (7.9); 3. CMP (9.0); 4. Uric acid (28.0); 5. /MP (72.9), 6. ATP (90.2); 7.

ADP (72.7); 8. Hypoxanthine (37.5); 9. Xanthine (78 5). 70 AMP (9.5). J7. NADP (3.7); 72:

NAD (79.6); 73. /nosine (70.7); 74. CoA (9.6); 75 Adenosine (20.8). Numbers refer to numbers

in chromatogram. 70 n/ of the standard so/ufion was injected on co/umn, fhe dry weight of

tissue samp/es ana/ysed in fig. 3.2b and 3.2c was 4.3 and 4.8 mg, respecfivWy. The gradient of

the e/ufion fluids is described in Van der Vusse et a/. (79). 7bta/ run time was 28 minutes.

Sensitivity of the detector was set at 0.005 AU/mV.

3.3.3 Statistical Analysis

For comparison of various spots and depths, analysis of variance of the Genstat

statistical package was used (5). Data were analysed according to the following model:

j (ph),, , , ^

with: VJJH response horse i (i = 1...3) at spot j (j=1...3) at depth k (k = 1,2) in

repetition i (i = 1..3)

p level

B̂  random horse effect, fi - N(0,Op )̂

Pi spot effect

d^ depth effect

h| repetition effect

(pd)|k, (ph)j|, (dh)k,, (pdh),^ are 2- and 3-way interactions

6JU rest, s ~ ^

The standard deviation was used as a measure of reproducibility. Differences

between spots and depths were judged by the F-test. Differences were regarded as

statistically significant at the level of P<0.05 (12). Effects of repetition were regarded as
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fixed effects because influence of foregoing biopsies could not be excluded.

3.4 RESULTS

3.4.1 Fiber types

Fiber type composition at the different spots and depths are presented in the

Tables 3.1 and 3.2.

Tab/e 3.1 Percentage of type // fibers at different spots and depths (mean and sd).

spot

1

2

3

% type II

82"

63*

8o"'

depth 1

sd

4.3

12.4

11.4

C.V.

5.2

19.6

14.2

% type II

8 1 ^

73^

depth 2

sd

2.8

5.2

4.6

C.V.

3.6

6.6

6.3

Significant differences fP<O.O5j are indicated by the superscripts, meaning no difference in case

of an identica/ superscript tetter. Differences are indicated for spot and depth with a, b, and c.

Tab/e 3.2 DistribtUion of fiber types at the different spots and depths (type //a as percentage of

the tofa/ number type // fibers) (mean and sd).

spot

1

2

3

%type

78"

49*

77^

depth

lla

1

sd

4.9

5.5

11.2

C.V.

6.2

11.2

14.5

%type

74"

80"

73"

depth

lla

2

sd

4.1

9.4

7.4

C.

5.

11

10

^.

5

.7

.1

Significant differences (P<0.05J are indicated by the superscripts, meaning no di/ference in case

of an identica/ superscript /etter.
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It was observed that in the middle gluteal muscle type MA predominates, and that type

MB and type I are less prevalent. The fiber type composition was not statistically

different at the different spots and depths, except for spot 2 at a depth of 3 cm, where

a lower percentage of type II and, among type II fibers, a lower percentage of type Ma

fibers were found. Mean fiber type composition in biopsies from the deeper region

showed the lowest standard deviation. Because of the lowest variability in fiber type

composition spot 1, depth 2 appeared to be the region of choice for tissue sampling to

analyse fiber composition.

3.4.2 Tissue content of PCr. ATP. NAD and glycogen

The content of PCr in gluteus medius muscle was in the order of 60 to ')()

/jmol/g dry weight (Table 3.3). This finding indicates that the biopsies were adequately

taken and that the time interval between removing the piece of tissue from the muscle

and freezing in liquid nitrogen was short enough to prevent depletion of this relatively

instable high-energy phosphate. The lowest tissue levels of PCr were consequently

found in biopsies from spot 2, depth 1. The variation in the tissue level of PCr was

smallest in biopsies from spot 3, depth 2. Comparable results were obtained with ATP

(Table 3.4). Only in biopsies from spot 2, depth 1 ATP levels were significantly lower

than in biopsies obtained from other sites in the muscle. The same holds for NAD

(Table 3.5). It has been suggested that the content of NAD in muscle cells does not

vary to a great extent. When this is also true for the equine gluteus medius muscle, the

conclusion has to be drawn that in tissue specimen from spot 2, depth 1 extracellular

matrix components or other cells than myocytes are present to a greater extent than in

biopsies obtained from other sites in the muscle. This notion is supported by the

finding that also the content of glycogen, which ranges from 500 to 670 ^mol glucose

residues/g dry weight of tissue, is lowest in biopsies taken at spot 2, depth 1 (Table

3.6). As was the case with PCr, the variation in the content of ATP, NAD and glycogen

was smallest in biopsies obtained at spot 3, depth 2.
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7abte 3.3 Content of PCr in equine g/uteus medius musc/e

spot

1

2

3

PCr

82.9-

64.3^

82.1-

depth 1

sd

25.5

16.7

14.9

C.V.

30.7

25.9

18.1

PCr

78.6-"

87.5-

7 3 . 1 ' *

depth 2

sd

12.0

10.5

0.6

C.V.

15.3

12.0

0.8

Significant differences (P<0.05; are indicated by the superscripts, meaning no differences in

case of an identica/ superscript /etter. Data are given as mean, standard deviation (sd) and

coefficient of variation (C.V., %) and expressed as f/mo//g dry weight.

Tab/e 3.4 Content oM77> in equine g/ufeus medius musc/e

spot

1

2

3

ATP

24.0-

18.3*

21.3-*

depth 1

sd

4.0

3.5

3.7

C.V.

16.6

19.1

17.3

ATP

23.3-

21.4-*

2 1 . 1 * "

depth 2

sd

2.4

2.5

0.9

C.V.

10.3

11.6

4.3

Significant differences fP<0.05> are indicated by the superscripts, meaning no differences in

case or"an identica/ superscript /efter. Data are expressed as /jmo//g dry weight.
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TaWe 3.5 Content of NAD in equine g/ufeus med/us musc/e

spot

1

2

3

NAD

2.59'

1.94"

2 .23 ' "

depth 1

sd

0.36

0.42

0.29

C.V.

13.5

21.6

13.0

NAD

2.31 ' " '

2.30""

depth 2

sd

0.23

0.2H

0.22

C.V.

10.0

12.2

10.0

Significant d/fferences (P<0.05J are indicated by (ho superscripts, iried/img no differences in

case of"an identicai superscript /etter. Data are expressed as /imo//g dry weight.

7ab/e J.6 G/ycogen content in equine g/uteus med/us musc/e

spot

1

2

3

depth

Clycogen

670'

499"

592'' ' '

1

sd

114

132

94

C.V.

17.0

26.5

15.9

Clycogen

672'

640'

660''

depth 2

sd

68

76

34

C.V.

10.1

11.9

5.2

Significant differences fP<0.05,) are indicated by the superscripts, meaning no differences in

case of an identica/ superscript /etfer. Data are given as mean, standard deviation (sd> and

coefficient of variation (C.V., %) and expressed as /imo//g dry weight.

3.5 DISCUSSION

To assess the effect of training on muscular performance, the technique of taking

biopsies from the muscle under investigation is nowadays a widespread procedure in

exercise physiology. In order to monitor physiologically relevant changes in the skeletal

muscle the site where the biopsy is sampled should be well defined and the variation
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in the variables measured should be as small as possible. In the present study biopsies

were taken from the gluteus medius muscle in the horse at various spots and at two

different depths. The variation in fiber type composition and the variation in content of

some metabolic parameters were monitored in order to assess the site of choice for

taking biopsies in future experiments. In the past needle biopsies were taken from

different muscles and at various sites and depths of the muscle in horses used in

physiological experiments. Table 3.7 summarizes some of the studies presented in the

international literature. In general, biopsies were taken from m. triceps brachii (15, 17),

rn. biceps femoris (15, 17), m. longissimus dorsi (6, 17), m. semitendinosus (6) and m.

gluteus medius (2, 6, 7, 9, 10, 14, 17, 18, 22). In most studies the deeper or central

parts of the muscles were used for sampling, although in general the precise site and

depth where the biopsies were taken were not reported. Because in the horse the

gluteus medius muscle is intensively used during running, biopsies are commonly taken

from this muscle to measure changes in muscle properties as a consequence of training

or strenuous exercise bouts (6, 9, 16, 18). In most studies, tissue biopsies were sampled

for fiber typing. In this respect it is worth to mention that Kline and colleagues (8) and

Bruce and coworkers (2) observed a higher percentage type II fibers in the superficial

parts of the middle gluteal muscle than the deeper regions. These findings could not be

confirmed by the present study. On the contrary we found on one spot (spot 2, see

figure 3.1) a lower percentage type II fiber in the superficial layers than in more deeper

regions of the equine gluteus medius muscle. No differences were observed at other

sites of the middle gluteal muscle. At present no explanation can be given for the

deviant findings. In man, Saltin et al. (12) observed a tendency for a higher percentage

type I fibers in the deeper part of the lateral region of the quadriceps femoris muscle.

Information on the variability of the percentage of fiber types in different locations of

skeletal muscle is limited. Wood and colleagues (22) reported coefficients of variation

on the order of 2.7% to 5.9%. Essen et al. (3) found variation coefficients ranging from

6% to 12%. The present observations completely fit in those published earlier.

Findings summarized in Table 3.1 and Table 3.2 indicate coefficients of variation
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ranging from 3.6% to 19.6%. The lowest variation was found in biopsies taken from

spot 1 at a depth of 6 cm (see figure 3.1).

fafa/e 3.7 Choice of musc/e and spot erf samp/ing used by f he d/flerer»f authors

Bruce et al. (2)

Gottlieb et al. (6)

Hodgson et al. (7)

Kline et al. (8)

Lindholm et al. (9)

Lopez-Rivero et al. (10)

Snowetal. (14)

Stulletal. (15)

Van den Hoven et al. (17, 18)

Wood et al. (22)

m.glut.med.

m.glut.med.

m.semitend.

m.long.dorsi

m.brachioceph.

m.glut.med.

m.glut.med.

m.glut.med.

m.glut.med.

m.glut.med.

m.tric.brachii

m.biceps fern.

m.glut.med.

m.long.dorsi

m.tric.brachii

m.biceps fern.

m.glut.med.

over the whole muscle

10 cm cuadodorsal to trochanter major of

tuber coxae al a depth of 6 cm

midway between tuber ischii and flexor

aspect of the stifle at a depth of 3 cm

between tuber coxae and the last rib 5 cm

laterally to the spinous processes of the

lumbar vertebrae just beneath the fascia

10-13 cm cranio-dors.»lly to the spin.i

scapulae in the midline of the muscle

15 cm caudodorsal to the tuber coxae at a

depth of 10 cm

central parts

10 cm caudodorsal to trochanter major of

tuber coxae at a depth of 6 cm

at a depth of 5 cm

10 cm caudodorsal to tuber coxae

central parts

medially in the ventral part

10 cm behind tuber coxae

not mentioned

not mentioned

not mentioned

3-8 cm behind tuber coxae
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Hence, we consider this site the region of choice in equine gluteus medius muscle to

take biopsies from when the possible effect of training on changes in fiber type

composition has to be studied. Data on the variation of the muscle content of relevant

biochemical parameters are very scarce. The present study shows that coefficients of

variation ranged from 0.8% to 30.7%, 4.3% to 19.1%, 10.0% to 21.6%, and 5.2% to

26.5% for PCr, ATP, NAD, and glycogen, respectively. The smallest variation of all four

variables was observed by biopsies obtained from spot 3 at depth 2. Hence, this site is

the region of choice for taking biopsies for analysis of biochemical parameters.
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DIRECT MEASUREMENTS AND INDIRECT

ESTIMATION OF MAXIMAL HEART RATE IN

EXERCISING HORSES

This chapter will be published as:

G. Bruin, H. Kuipers, G. Andre, and C.J. van der Vusse

Direct measurements and indirect estimation of maximal heart rate in

exercising horses.
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4.1 ABSTRACT ^ , _ ^ . , , ^

/n Standard bred trotters heart rates measured with a digita/ equipment (P£3000,

Po/ar f/ectro; were compared with hearts rates obtained from simu/taneous

electrocardiogram (ecgj recordings, which were considered as "the go/den standard", /n

addition, the repeatabi/ity o^ estimated maxima/ heart rates obtained with two different

mathematica/ mode/s, using heart rates and p/asma /actate concentrations during

submaxima/ exercise as input parameters, was assessed.

forty-five Standard bred trotters performed 797 incrementa/ exercise tests. The

re/ationship between PE3000- and ecg-recordings fHn.iooo and /-/„„ , respective/y) was

described by the regression equation H^a*, = 0.984. H«, ^ = 0 . 9 9 , se-0.0005). The

resu/ts showed that the upper measuring /imit or the P£3000-recordings was 230

beats/min, whi/e peak heart rates measured with the ecg varied from 272 to 266

beats/min.

Maxima/ heart rate was estimated with the use of mathematica/ mode/s with

heart rate and p/asma /actate concentrations as input parameters measured in 257

incrementa/ exercise tests performed with 47 Standard bred trotters. /( was found that

for accurate estimates of maxima/ heart rate at /east 6 different data points are required,

fach set of data points is recorded at different /eve/s of submaxima/ work foads.
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4.2 INTRODUCTION " ^ ^ *

Enhancement of metabolic capacity, measured as the maximal oxygen uptake

(VC^max)' 'S an important goal in improving the physical performance capacity of the

horse (16). For increasing the aerobic capacity or VO^jx- the exercise intensity has

been shown to be the most important factor (2). However, in training often exercise

intensities are used that are lower than the intensity at which VOj,,,ax is reached.

Therefore the exercise intensity during training at levels below V O ^ , , is often

expressed as a percentage of VO2m,,x or as a percentage of power output (2, 12, 17).

When expressing the intensity as percentage of VO2max- maximal oxygen uptake has to

be assessed. However, measurements of VO2max °i" power output require expensive

laboratory facilities and skilled personnel. Therefore VOj^ax measurements are not

generally employed by horse trainers.

In horses as well as in humans a linear relationship has been observed between

heart rate and exercise intensity (3, 11, 14, 20, 21), as well as between heart rate,

running speed and oxygen uptake. Therefore, the heart rate and/or the running speed

are often used as parameters for the exercise intensity (2, 12). Under standardised

conditions this relationship is highly reproducible (3). When maximal exercise is used,

relatively large inter-individual differences in the highest measured maximal heart rate

or peak heart rate, ranging from 225-250 beats/min are observed (1, 6, 15, 16, 19).

Training does not seem to affect maximal heart rate (6, 7, 13, 18). Because of the

linear relationship between heart rate and oxygen consumption also a linear

relationship exists between heart rate expressed as a percentage of maximal heart rate

and relative exercise intensity expressed as a percentage of maximal oxygen uptake (5).

Since heart rate monitors are commercially available heart rate is frequently

used for training purposes. Some studies have been performed to compare digitally

recorded heart rates with heart rates obtained with ecg measurements. Dependent on

the type of equipment, the relationship between digitally recorded heart rates and
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heart rates calculated by means of a simultaneously recorded ecg was reported to be

satisfactory (4, 8, 19). However, not all studies involved maximal heart rates. In testing

heart rate monitors, Foreman et al. (8) measured a highest heart rate of 200 beats/min,

Sloet et al. (19) of 225 beats/min and Evans et al. (4) measured a highest heart rate of

250 beats/min. Our own observations suggest that with the PE-3000 heart rate monitor

it is not possible to measure heart rates above 230 beats/min. Consequently, when the

maximal heart rate exceeds the upper limit of the measuring equipment, the use of a

certain percentage of the maximal heart rate, in order to control the exercise intensity,

is less accurate.

Because of the linear relationship between heart rate and running speed it is

theoretically possible to estimate the maximal heart rate by extrapolation of the heart

rate, measured during submaximal exercise, to maximal exercise intensity. However,

the relationship between heart rate and speed as well as the maximal speed depends

on track conditions and can hardly be standardised. An alternative way could be to use

the relationship between other physiological variables, such as plasma lactate levels,

and exercise intensity. It has been shown that a non-linear relationship exists between

power-output and plasma lactate concentration (12). Assuming that there is a

reproducible relationship between heart rate and plasma lactate up to maximal

intensity, the maximal heart rate may be estimated using a mathematical model based

on the non-linear relationship between heart rate and plasma lactate.

In view of the earlier mentioned difficulties in measuring maximal heart rate

under field conditions, the first purpose of this study was to assess the accuracy of a

heart rate monitor PE3OOO by simultaneous comparison with the ecg-recordings.

Furthermore, the applicability of two different mathematical models, based on the

non-linear relationship between heart rate and plasma lactate concentration, for

prediction of the maximal heart rate was evaluated.
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4.3 MATERIAL AND METHODS

Data were collected on 2-7 year old Standard bred trotter stallions and geldings.

Before participating in the experiments all the horses were housed for more than 3

months on the experimental farm. Incremental exercise tests were carried out at the

Research Station for Cattle Sheep and Horse husbandry, Lelystad, the Netherlands.

Statistical analysis were carried out using Genstat (9).

4.3.1 Measuring heart rates

Heart rate monitor (Hpjjooo) output was compared with the ecg-data (H,^) (the

golden standard). Data from 191 incremental exercise tests, performed with 45

Standard bred trotters, which consisted of in total 724 recordings were evaluated.

Evaluation was performed using linear regression.

Hpi, = Pi + P; • H«.g,, + E,

wi th:

H_Pf, heart rate measured by means of PE3OOO, measurement i (i = 1 ...724)

P,,P2 regression parameters for intercept and slope

Hecg,l heart rate measured by means of an ecg

tj residual, E ~ ^

Significant differences from 0 for the intercept and from 1 for the slope were

determined with Students' t-test. H ^ -records with more than 230 beats/min were

excluded from the analysis due to the fact that the 230 is the upper measurement limit

for the PE3000. Including these records would result in biased regression-coefficients.
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4.3.2 Estimating the relationship between plasma lactate and heart rate

The relationship between plasma lactate and heart rate was estimated using

data collected in 251 incremental exercise tests, performed with 47 Standard bred

trotters. During the test the treadmill had an incline of 6.25%. The exercise started with

6 min at a speed of 4.5 m/s and 2 min at 2 m/s. Thereafter the treadmill speed was set

at 5 m/s for 2 min, after which the speed was increased every 2 min by 1 m/s until the

horses were unable to maintain speed. During the last 15 seconds of each workload or

stage heart rate was measured and a venous blood sample was taken via a catheter in

the jugular vein.

Due to the (inherently) unequal design of the incremental exercise tests there

were differences in the number of animals and tests per group. Therefore a different

number of heart rate / plasma lactate combinations was available for analysis,

dependent of horse and test. Statistical analyses were carried out using 41, 98 and

112 tests with 3-4, 5 and 6-7 data points from 21, 35 and 31 horses, respectively. To

describe the relationship between heart rate and plasma lactate concentration different

models could be used. On basis of the original relationships, with increasing plasma

lactate levels an asymptotic rise of the heart rate was expected. Visual control of the

available experimental data confirmed this expectation. From the practical point of

view, estimating the maximal heart rate should be possible with a low number of data

points. A number of empirical standard nonlinear models were tested, the general

mathematical descriptions of which are listed in Censtat 5 Reference Manual (9). Only

the two best fitting models with two and three unknown variables are described in the

present study, respectively. Both models are linear-divided-by-linear curves, producing

a rectangular hyperbola (9). Depending on the number of data points (3-4, 5 or 6-7)

classes were created, i.e., class 1, class 2 and class 3, respectively. The first model for

the relationship between heart rate (H, beats/min) and plasma lactate concentration (L,
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mM) is given by the following equation (model 1).

H = p, + P̂  • H/L

or rewritten as (for fitting purpose):

L' = p ^ ( 1 - p , K ' ) + £

with

P,, p̂ , regression parameters

£ error component (£ ~ N(O,CT^ ))

(Suffices are omitted for conveniance)

If plasma lactate concentration goes to infinity, the heart rate reaches its

maximum (P,). The rate of increase of the heart rate is given by P2. This equation can

be fitted by simple linear regression analysis to estimate the parameters p, and P2.

The second model to describe the relationship can be given as (model 2):

with:

Pi.P2.P1 regression parameters

B random error component (s — N(0,c^ ))

Model 2 has an additional value for the horizontal asymptote, the basal level of

plasma lactate concentration at a low level of the heart rate (L = p, for H = - 00). In this

model the maximal heart rate is also defined as the rate where the plasma lactate

concentration goes to infinity. This is when H goes to 1/PJ. So, 1/PJ gives an estimate

for the maximal heart rate. The parameters of the equation can be estimated by non-

linoar regression analysis (9).
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4.3.3 Evaluation of consistency of maximum heart rate

After fitting model 1 and 2 per test estimates of the maximal heart rate are

obtained (p, in model 1 and 1/p, in model 2). Evaluation of the consistency of

estimates of maximal heart rate within and between horses was carried out performing

an analysis of the estimated maximum heart rates, using the method of restricted

maximum likelihood (REML). REML provides estimates of variance components for

evaluating the repeatability of estimated maximal heart rates. The model can be

written as (model 3):

Hn^ , | = M + horse. + &j

with:

H^ , , , estimated maximal heart rate for horse i (i = 1...p) in test j (j = 1...n)

l i overall mean

horse, random effect of horse i (horse. — N(0; o^p))

Sij random error term (£,, - N(0; o^))

Data were grouped as before, and analysis was performed for each class

separately, because less consistent estimates were expected when the number of data

points available per test was low. The consistency of the estimated maximal heart rate

was evaluated by the intraclass correlation coefficient (i.c.c). The i.c.c. is calculated as

<*̂ P / (<^p + <**e)- In this special case with no fixed effects included in the model the

i.c.c. is equal to the R̂  of the model.
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4.4 RESULTS u..-,"-;-̂ : \

4.4.1 Measurement of heart rate

The heart rate during the treadmill test as measured with the ecg ranged from

80 beats/min during the first exercise stage to 266 beats/min during the final stage. The

highest frequency that could be recorded by the PE3000 was 230 beats/min. The heart

rate during the period of 15 s is estimated as the mean of three 5-s measurements. The

standard deviation of these measurements was 0.7. The PE3000 recorded all values of

232 and higher as 232. So, the first reliable estimate of the mean heart rate was 230

beats/min (<(232-2*0.7)). For further analysis of the relationship between PE3000 and

ecg-measurements only PE3000-recordings equal to or lower than 230 beats/min were

used. The heart rate measured with the ecg and with the heart rate monitor were not

significantly different and could be expressed by the regression equation :

Hptjcxxi = 0.984 . H ,^ (R*=0.99; se=0.0005). In figure 4.1 the heart rate values,

measured with both methods, are depicted.

4.4.2 Estimation of the maximal heart rate

Maximal heart rates estimated from model 1 were -7-12 beats/min

underestimated compared with measured values, probably caused by the omission of

the additional value for the basal level of plasma lactate concentration at low heart rate

(Table 4.1). Therefore model 1 is rejected as an appropriate model for describing the

relationship between the heart rate and the plasma lactate concentration.

Applying model 2 no consistent bias was found. Only class 1 and 2 showed a

tendency of underestimation of the maximal heart rate due to the low number of

measurements of plasma lactate and heart rate. Figure 4.2 shows an example of both

models for the data of one horse at one particular day. Further analysis will only be

described for model 2 (R^>0.95).
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fig. 4.7 Heart frequency registration performed simu/taneousfy with <i heart rate monitor

fPf JOOOJ and an e/ectrocardiogram (ecg). The data are p/otted as we// as the regression /ine y -

0.984 • Xf/r ' = 0.99; se = 0.0005).

I and the estimated mean maxima/ heart7ab/e 4.7 The measured peafc heart rate (H,™*; ,^ ^ " " ">«" estimatea mean max/maf n

rates fHe«,™(ed' for the different c/asses and the number o/" horses for the fwo mode/s used.

1 T OClass

Horses

Model

LJ

"estimated

''measured

1

21

1 2

239±7.6 24017.9

249±9.1

2

35

1 2

235±7.2 242±6.7

247±9.0

3

31

1 2

233±6.1 24015.5

240110.9
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Plasma lacute (mmol/l)

25 -

Estimated maximal heart frequency

Model 1

20

15 T
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5 •

Model 1

Models
* Experimental data

Model 2

100 125 150 175 200

Heart frequency (beatVmin)

225 250

fig. 4.2 7yp/ca/ examp/e of" the est/mated maxima/ heart rates by means of two d/rVerent mode/s

(mode/ 1 and mode/ 2). The p/otted va/ues are the measured data or one horse at one part/cu/ar

test day (horse 275J. The estimated maxima/ heart rafes are presented for both mode/s as dotted

/ines.

I he intra class correlation varied from 0.09 for class 1 to 0.50 for class 3 (Table 4.2),

meaning a higher consistency of the estimated maximal heart rate in class 3. Therefore,

using model 2 and having at least 6 data points available (class 3) a more accurate

estimate of the maximal heart rate can be made compared to class 1 and 2. The

standard error of the estimates (= square root of the variance within horses) was 7.90

and 5.45 beats/min in class 1 and 3 respectively (Table 4.2). This means that the

intervals H,.,,,^^ ± 16 and H^,^,«, ± 11 beats/min in class 1 and 3 (in which H«,,™,ed

is the estimated maximal heart rate), respectively, will include the true maximal heart

rate with a chance of 95%. The coefficient of variation ranges from 3.30% in class 1 to

2.27% in class 3.
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TaWe 4.2 Components of" the RfMl-ana/ysis (square root of"

the variance between horses (Sp) and within horses (s*W,

;ntrac/ass come/afion coefficients (p, ), and the coefficient of

variation (c.vJ for mode/ 2

Class

«P

o.

cv.

Pi

1

2.51

7.90

3.30

0.09

2

4.38

6.70

2.77

0.30

3

5.47

5.45

2.27

0.50

4.5 DISCUSSION

In horse training heart rate is one of the easiest measurable parameters for use

in a daily routine for estimating exercise intensity. Submaximal heart rates can be

measured reliably and accurately by means of the PE3000, a digital heart rate monitor,

commonly used under experimental and field conditions. However, the upper limit of

heart rates that could be measured with the PE3000 was 230 beats/min, while with ecg

heart rates up to 266 beats/min were measured. Evans et al. (4) and Sloet et al. (19)

reported similar results with a heart rate monitor of an older type than the PE3000, i.e.,

the Horse Tester". However, with newer types of heart rate monitors the accuracy at

high frequencies was not tested in horses. In humans, Karvonen et al. (10) observed a

higher heart rate by means of the PE3000 compared with the ecg results.

The slightly higher heart rates as measured with the PE3000 can be explained

by the way of visually counting the R-peaks in the ecg during a period of 15 seconds

and afterwards multiplying with 4, regardless of the heart frequency. The PE3000
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calculates a running mean of the last 4 heart beats, resulting in a shorter measuring

period at higher frequencies. Visual counting of R-peaks from the ecg may lead to a

tendency of overestimating the heart rate by counting up to 1 extra peak, resulting in a

higher heart rate. Heart rates exceeding 230 beats/min cannot be measured with the

PE3000. In our experiments the range of the highest measured or peak heart rates of

individual horses varied between 212 beats/min and 266 beats/min with a mean of

243±11 beats/min, as measured from the ecg-recordings. The mean measured peak

heart rates from the animals after grouping according to the number of data points

varied from 240-249 beats/min (Table 4.1). So, in most horses, the heart rates attained

during maximal exercise could not be measured by using the PE3000. In humans the

highest measured heart rates usually do not exceed 220 beats/min, a level well within

the range that can be measured reliably with the PE3000. However, in horses higher

frequencies can be reached, which makes measurement of maximal heart rate with

this type of equipment impossible. Consequently, in practical horse training heart rate

registrations for monitoring training intensity under field conditions, can be only used

as long as the target heart rate does not exceed 230 beats/min.

I his study shows that the individual maximal heart rate of a horse can be

estimated using a mathematical model that describes the relationship between heart

rate and plasma lactate (model 2, vide supra). When in this model, based on the

hyperbolic relationship between plasma lactate concentration and heart rate, the fitted

curve of the plasma lactate concentration approaches infinity, the corresponding heart

rate is considered as maximal heart rate. The accuracy of the predicted heart rate

increased with the number of submaximal data points. The results indicate that

performing an exercise test with at least 6 data points yields a reliable prediction of the

maximal heart rate.

Assuming that the level of the maximal heart rate is constant, the variation in

the estimated maximal heart rate is due to uncertainty in fitting the curve. One of the

possible factors which may affect the accuracy of the fit, and therefore of the estimated
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maximal heart rate, is the heart rate during the first step of the exercise test. These low

heart rates do not reliably reflect exercise intensity ( 2). Therefore, predictions of the

maximal heart rate can be optimized by using heart rates obtained at a higher level of

exercise intensity.

In conclusion, the present study demonstrates that the heart rate of horses can

be measured accurately under field circumstances with a sport tester PE30O0 up to

frequencies of 230/min. The maximal heart rate can also be estimated accurately by a

mathematical model which uses heart rate and plasma lactate levels measured during

at least 6 different submaximal exercise intensities, as input parameters.
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Chapter 5

ADAPTATION AND OVERTRAINING IN HORSES

SUBJECTED TO INCREASING TRAINING LOADS;

IN SEARCH FOR EARLY MARKERS OF

OVERTRAINING

This chapter has been published in:

G. Bruin, H. Kuipers, H.A. Keizer, and C.J. van der Vusse

Adaptation and overtraining in horses subjected to increasing training loads.

J Appl Physiol 76: 1994, 1908-1913
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5.1 ABSTRACT

To eva/uate markers or warning s/gns for overtraining syndrome, seven ma/e race

horses were sub/ected to 272 days of training consisting of dai/y exercise bouts of either

endurance running (heart rate 740/minJ or interva/ training (maxima/ heart rate), both

increasing in duration and intensity. An incrementa/ exercise test was he/d every 4 wfc, and

from day 787 it was he/d every 2 wfc. Musc/e g/ycogen, musc/e /actate, energy-rich

phosphates, adrena/ response to adrenocorticotropic hormone, p/asma and red Wood ce//

vo/umes, and a number of Wood chemica/ variab/es were measured. The horses showed

symptoms of weight toss, irritabi/ity, and an /nab*7/ty to comp/ete the training after the

intensity of the endurance exercise was increased. However, test performance was not

decreased. The adrena/ response to adrenocorticotropic hormone was not changed when

the anima/s showed symptoms of overtraining. The dec/ine in musc/e ATP concentration

during maxima/ exercise was /ess during the period of sta/eness, whereas p/asma vo/ume,

red Wood ce// vo/ume, and Wood chemica/ variab/es were unchanged. /(is conc/uded that

as /ong as exhaustive training is a/ternated by /ight exercise, overtraining can be avoided,

furthermore, no sing/e parameter measured in Wood cou/d be used as warning sign to

detect the onset of ear/y overtraining.
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5.2 INTRODUCTION

The goal of athletic training is to increase the performance capacity by gradually

increasing both intensity and volume of the training. Each exercise bout induces an acute

disturbance of homeostasis in cells and organs, which is related to fatigue. In the recovery

phase homeostasis has to be re-established. Regenerative processes continue after

restoration of the homeostatic situation, resulting in an overcompensation (21). Because

little is known about the optimal amount of training and the factors that influence

recovery and supercompensation, training has an empirical rather than a scientific basis.

It is the art of coaching to provide the optimal amount of training without exceeding an

individual's exercise tolerance and recovery capacity. In all instances where recovery is

incomplete and premature fatigue is encountered, one speaks of overtraining. However,

overtraining is a general term and does not differentiate between the stages of

overtraining. When insufficient rest is allowed for the next training or competition,

recovery is incomplete and premature fatigue may occur. This condition is referred to as

short-term overtraining or overreaching (9) and is quickly reversible with 1 or 2 days of

little or no training. When the imbalance between training and recovery lasts for a longer

period of time, a condition referred to as overtraining syndrome or staleness (5, 9) may

be encountered. Signs associated with staleness are increased fatigability and endocrine,

metabolic, and behavioural changes (5, 9, 11, 13, 16). Staleness is not easily reversible

and may take several weeks to months to recover from (9).

Overtraining is found in humans, but overreaching and staleness are also

frequently observed in race horses (16, 17). The transition from short-term overtraining

into staleness develops gradually, and little is known about the underlying

pathophysiological mechanism and how the transition from overreaching into staleness

develops. For human and animal sport practice it is important to prevent staleness or to

detect it in its earliest stage. Several measurements have been suggested and used to

detect overreaching and staleness (for review see Refs. 5, 9). Blood chemical changes

that indicate overreaching are increased plasma urea and creatinine levels, and increases
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in creatine kinase (CK) (5, 9). With staleness these changes are supposed to be

supplemented with behavioural changes, decreased appetite, weight loss, decrease in

aerobic power, and altered blood levels of cortisol and catecholamine (18). Barron et al.

(1) presented evidence that staleness in humans is associated with a neuroendocrine

disorder located at the hypothalamic level. Persson et al. (16) reported changes in the

adrenal response to adrenocorticotropic hormone (ACTH) and an increased red blood

cell volume in horses suffering from staleness. However, most of these blood chemical

changes are unspecific, and in neither humans nor animals has a simple and unequivocal

measurement been identified to detect overreaching and staleness. In addition, little

information is available as to how the before mentioned parameters change during the

transition from overreaching to staleness.

The aim of the present study was to investigate physical performance capacity

and physiological adaptation to a training protocol consisting of exercise that gradually

increased in volume and intensity and to re-evaluate potential markers or warning signs

that may indicate overreaching and staleness in horses. The horse is a born athlete that

shows a training response similar to humans. In addition, training on a treadmill allows

the investigator to control the training while the size of the animal permits repeated

sampling of blood and muscle tissue. Various measurements were done repeatedly:

exercise tests, blood volume, and blood chemical variables such as urea, creatinine, CK,

and the adrenal response to an ACTH challenge. To relate possible changes in

performance and fatigability to biochemical changes in the muscles or to muscle damage,

muscle biopsies were taken for determination of muscle glycogen, lactate, energy-rich

phosphates, and muscle histology.
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5.3 MATERIALS AND METHODS

5.3.1 Animals

Seven 3- to 5-year-old Standardbred trotters entered the study. To avoid drop out

because of self-inflicted injuries, the animals were tested on the ability to maintain co-

ordination at high treadmill speeds. All animals were stallions with an initial mean body

weight of 416±24 (SD) kg. During the 3 months preceding the present study, the horses

performed light aerobic exercise consisting of walking and trotting for 30-45 min/day, 5

days/wk.

The animals were individually housed in boxes, allowing social contact, and were

fed at libitum with hay and straw, and with carbohydrate-rich grains, according to Dutch

standards for race horses.

5.3.2 Training

The training period lasted 272 days, and all the training and testing was done on a

treadmill (Sato). The horses exercised 7 days/wk throughout the entire training period.

The training program consisted of two types of exercise, endurance running and interval

running. The days of interval running were alternated with days of endurance running.

To enable an exercise intensity adjusted to the individual's abilities, the running speed at

which heart rates of 140, 180, and 200 beats/min were reached (v140, v180, v200) were

measured during each exercise test. The training intensity was adjusted according to the

most recently measured v140, v180, and v200 during the incremental exercise test. The

endurance running included 20 min of continuous level running at v140.

Each interval training started with a 6-min warmup at v140, (mean treadmill

speed 6.0±0.5 m/s), followed by four 3-min bouts at v200 (mean treadmill speed

9.0±0.5 m/s), and interspersed with 3-min periods at v140. After 4 and 8 wk the

number of 3-min bouts was increased to five and six, respectively. The total duration at

94



— Chapter 5

v140 varied from 18 min (4 bouts) to 24 min (6 bouts). During each interval training the

treadmill had a 6.25% incline.

At day 187 the severity of the training program was increased by increasing the

total amount of work of each interval training. This was achieved as follows: training was

increased to four 3-min bouts at v200 (interspersed with 3 min at v140), and four 60-s

all-out sprints, with 4 min of recovery at v140 between the sprints, were added, lhe

incline of the treadmill was increased to 10% in order to reduce the risk of self-inflicted

injuries. After 2 and 4 wk the number of 60-s sprints was increased to five and six,

respectively. The duration and intensity of the endurance running (20 min at v140)

remained the same. Because the anticipated decrement in performance did not occur

with this intensified interval training, at day 261 the severity of the training program was

increased again by also increasing the exercise intensity of the endurance running from

20 min at v140 to 20 min at v180. Ten days after the intensity of the endurance exercise

was increased, the training was discontinued because the horses showed progressive and

marked irritability and increased difficulty in completing the training sessions. In addition,

they did not consume the usual amount of food provided.

5.3.3 Incremental exercise tests and procedure

Every 4 wk and from day 187 every 2 wk the horses were subjected to an

incremental exercise test on the treadmill (Sato). During the exercise test the treadmill

had an incline of 6.25%. The exercise test started with a warmup for 6 min at a treadmill

speed of 4.5 m/s and 2 min at 2 m/s. Thereafter the treadmill speed was set at 5 m/s for 2

min, after which the speed was increased every 2 min by 1 m/s, until the animal was

unable to maintain the speed at the final stage because of exhaustion. The maximal

attained speed ranged from 10 to 12 m/s. Because the protocol of the incremental

exercise test was identical each time, the total running time calculated from the heart

rate registration was taken as measurement of performance. During the exercise tests the

air temperature and relative humidity averaged 12.0+2.5 "C and 89±9.7%, respectively.
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Before each test the animals were weighed and a catheter was inserted into the jugular

vein for sampling of blood for the determination of plasma lactate and plasma activity of

CK. A percutaneous needle biopsy was taken from the middle gluteal muscle for analysis

of resting glycogen, energy-rich phosphates, and related compounds and for histological

examination. The site of the biopsy was chosen midway on the imaginary line between

the tuber coxae and the trochanter major and at 6 cm depth.

Before the exercise test was started and during the last 15 s of each stage, blood

was drawn for assessment of plasma lactate (Lactate analyser 640, Roche). Heart rate was

recorded continuously with a heart rate monitor (PE3000).

A second muscle biopsy from the middle gluteal muscle was taken within 15 s

after the exercise test was terminated. The sample was separated into two portions. One

portion was quickly frozen in liquid nitrogen and used for determination of energy-rich

phosphates and glycogen; the other portion, used for histological examination, was

frozen in isopentane cooled to melting point in liquid nitrogen.

5.3.4 Determination of plasma and red blood cell volumes

Because the hematocrit is maximal after exertion, immediately after the exercise

was stopped, plasma and red blood cell volumes were measured with the Evans blue

dilution technique (15). After 15 min a blood sample was drawn to measure the dilution

of the dye. Plasma volume (PV) was calculated according to the equation PV = EB/C, in

which EB is the amount of Evans Blue administered (in mg) and C is the plasma

concentration of the dye (mg/l). Hematocrit (Hct) was assessed in each blood sample.

Red blood cell volume (RCV; ml/kg body wt) was calculated according to: RCV = (PV x

Hct)/ ((100-Hct) x body wt).
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5.3.5 Histology and assay of metabolites in muscle tissue

From the muscle sample for histology 10-um-thick cross sections were cut in a

cryostat at -20 °C and processed for histological examination (hematoxylin-eosin) as

described by Dubowitz (3).

The freeze-dried sample for biochemical analysis was weighed and divided into dt

least two parts. One part (weighing ~10 mg dry wt) was used for determination of

adenine nucleotides and the related compounds phosphocreatine (PCr), lactate, and

glucose. To this end, the tissue sample was extracted at -15 "C in a mixture of perchloric

acid (3 M) and dithiothreitol (5 mM). The extraction volume was adjusted to the dry

weight of the tissue specimen (-25 ul/mg dry tissue wt). The tissue was ground with a

glass rod in the extraction fluid, rapidly frozen in liquid nitrogen, and thawed to a

temperature of 4 "C. The mixture was centrifuged at 4 "C at 1,200 g for 5 min. An

aliquot of the supernatant was removed and neutralised with KHCO3 (1'J). The

neutralised supernatant was stored at -80 "C until further analysis.

The second part of the freeze-dried tissue (—5 mg dry wt) was used for glycogen

determination. The tissue specimen was kept at 100 "C for 3 h after addition of 1.0 ml of

1 M HCI to hydrolyse glycogen. Thereafter, the samples were neutralised with

tris(hydroxymethyl)aminomethane (0.12M)-KOH (2.1 M) saturated with KCI. The glucose

residues were measured fluorometrically as described elsewhere (19). The values

obtained were corrected for the amount of free glucose already present at the time of

tissue sampling (see below).

The tissue contents of adenine nucleotides and related compounds were

determined by high-performance liquid chromatography by use of a modified method

after Wynants and Van Belle (22), and described by Van der Vusse et al. (20). Briefly, a

small sample of the neutralised extract (10 pi) was applied to a reversed-phase column

(Lichrosorb RP-18, Merck). Stepwise gradient elution, using two solvents was applied to

separate the compounds of interest. Flow rate amounted to 0.8 ml/min. Solvent A was an

aqueous buffer of NFyHjPOJ (150 mM, pH=6.0), solvent B consisted of a 1:1 (vol/vol)
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mixture of acetonitrile and methanol. Peaks were detected at 254 nm and were

identified by comparing retention times with known standards. LiChroCART 4-4 (Merck)

was used as guard column. PCr was measured fluorometrically as described earlier (19).

Lactate was assayed according to Passoneau (14). Free glucose was assayed as described

before (19). Glycogen content was expressed as micromoles of glycosyl units per gram

dry weight.

5.3.6 Adrenal response to ACTH

To study the adrenal response to ACTH, 1 day before each incremental exercise

test, 25 IU of ACTH were injected intramuscularly (Synacten, equivalent to 25 IU of

ACTH) between 8 and 12 a.m. Care was taken that each horse was always tested at the

same time of the day. Blood was sampled for cortisol determination immediately before

injection and 2 and 4 h later. Concentrations of cortisol were determined by

radioimmunoassay with a commercial kit (D.P.C. kit, Laboratory Service). The analytic

coefficients of variance were 8.2% at 120 uM and 3.8% at 820 uM.

5.3.7 Blood chemical variables

To seek for parameters that may indicate overreaching or staleness, venous blood

was drawn each morning from day 187. The plasma samples were analysed for

concentrations of urea and creatinine (autoanalyzer llc-plus, Technicon Instruments). The

plasma activity of the muscle enzyme CK (E.C. 2.7.3.2) was determined with a centrifugal

analyser (Cobas Bio, Hoffmann La Roche).

5.3.8 Statistical analysis

The data were analysed for differences in time with the Genstat package using

repeated measures analysis of variance. Differences were located using the Newman-

Keuls post hoc test. Differences were considered to be statistically significant at

P<0.05.
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5.4 RESULTS , v, ^

5.4.1 Training and symptoms of overtraining

Until day 261 all the horses were able to complete the training sessions. After that

day the intensity of the endurance training was increased from v140 to v180. The

following two training sessions (day 261 and 263) were completed by all horses, although

the animals showed difficulty in doing so. On day 267 only one animal could complete

the interval training, and on day 269 all the horses failed to complete the training. In

addition to the inability to complete the training, the horses developed sluggishness and

increased irritability, were not able to consume the regular amount of food provided,

and lost weight (Table 5.1). These symptoms were considered to reflect overtraining

syndrome or staleness.

5.4.2 Exercise test, plasma lactate, and plasma and red blood cell volumes

The performance capacity in the incremental exercise test was expressed as total

running time until exhaustion. An increase in running time was seen until 230 days

(Table 5.1). When the horses showed symptoms of overtraining, no significant decline in

performance on the treadmill (day 272) was observed. The mean plasma lactate curve

showed a shift to the right during the initial 8 wk and then remained unchanged for the

rest of the study (Fig. 5.1). The mean maximal levels, measured at the point of stopping

the exercise, ranged from 20.3±2.4 and 27.2±3.9 mM in the period between day 187

and day 272, respectively. The maximal venous hematocrit ranged from 53% to 69%

with a mean of 60±1%, and no relationship was observed between hematocrit and

symptoms of staleness. Mean plasma volume of the animals at the start of the training

period was 24.0±0.6 litres and did not change significantly during the entire period of

time.
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Mean red blood cell volume was 83.4±4.2 ml/kg and failed to demonstrate significant

changes throughout the training period. Only on day 258 was a transient increase of

plasma and red blood cell volumes found, which was not related with symptoms of

overtraining.
Ptt«nu Uclitr rnM

f/g. 5.7 Average p/asma /actate content during the /ncfemenfa/ exercise (esfs on day 7, day 64

and day 258 of the experiment/ period, for the sake of c/ariry on/y mean va/ues are g/'ven

fa =7;

5.4.3 Muscle histology, muscle glycogen. energy-rich phosphates, and muscle lactate

content

Histological examination of biopsies taken throughout the experimental period

failed to reveal any degenerative or inflammatory changes that could be associated with

exercise-induced muscle damage (data not shown).

Muscle glycogen levels before the start of the incremental exercise test were

similar throughout the whole period (Table 5.2). Clycogen levels were decreased in

muscle samples taken after the incremental exercise test (Table 5.3).
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5.2. ««/ing musde content of Gfy, (ac, /MP, PCr, ATP, ADP, and AMP before the iocrefnenJa/ exercise test at different <iiyv

Gly

Lac

IMP

PO

ATP

ADP

AMP

187

417±46

13.5 ±8.4""

0.17+0.12

72.2 + 9.7*"

22.8±1.2

2.65+0.38*

0.23+0.13*"

201

38O±47

12.7+2.9**

0.14±0.18

74.1+11.7*"''-'

25.4±2.0

2.71 ±0.24*

0.19±0.06*"

216

382 ±76

26.9 ±9.0*

0.17±0.22

76.9 + 21.0*"

23.2±3.0

2.33±O.2O*"

0.27 ±0.04*'"

Day

230

368 ±63

22.4±6.2*"

0.22 ±0.20

90.0±15.3*

24.8±2.4

2.37+0.32*"

0.33 ±0.14*

244

382 ±54

7.4+2.8'

0.11 ±0.10

71.4±14.b*'

24.1 ±3.5

2.11 ±0.17'

0.12+0.03'

258

3 78 ±54

10.9±7.5*

0.14+0.05

62.2 + 7.7-''

23.J + 3.O

2.27+0.23"'

0.15 ±0.04'

272

418±3i

1(,.(»±7.4-"-

0.51 ±0.1 5

58.6±10.H'"

21.«)±2.5

2.5O±().2i'*

n.,,±«,W"

V<i/ues are means + Sf /n mmo//g dry w<; n = 7 horses. C/y, g/ycqgen; lac, /adate; PO, phosphtx real inc. .Signi(K<inl

/ndicated by difter/ng superscr/pts.

.05> arc



faWe 5. J. Difference in musde content of Oy, lac, /MP,PCr, ATP, ADP, and AMP before and immediate/y after im nvnenta/ racniip test at drffc-rerK

days.

Gly

Lac

IMP

PCr

ATP

ADP

AMP

187

93 ±33

-53*24 .1* *

-0.41 ±0.77^

28.5±12. i "

-0.49 ±4.2"

0.05+0.37

0.05 ±0.15

201

133±72

-49 ±30 . i "

-0.84 ±1.05*"

35.9 + 21.8*''

5.50±4.0*

0.14+0.22

0.01 ±0.15

216

121±92

-65 ±14 .6 * * '

-0.79 ±0.79*"

49.0 ±21.6*

5.33 + 5.8*

-0.31 ±0.40

0.03 ±0.07

Day

230

92 ±71

-77±43.1*"

-1.51+1.30""

55.6 ±11.6""

7.90+2.3"'

0.25 ±0.4 3

0.04 ±0.08

244

157±82

-81 ±22.0*"

-1.78±1.3i '

41.8± 17.1*"

8.01 ±4.4"*

^).14±0.16

-0.06+0.16

258

116 + ";')

-8H + 31.T'

-1.57 + 1.08*"

35.8 + 9.4*"

5.62 ±2.3''

0.03 ±0.32

-0.02 ±0.05

272

1O8±55

-72+26.0* '"

-1.24 ±1.36*"

37.9±6.8*"

2.62 + 2.4"

-0.02 ±0.33

•O.00 ±0.06

VaJues are means + Sf in mmcife dry v*», n = 7 hooes. Ŝ gntficarV differences rP<0.05; are indicated by differing

o

•••'••' f v ;

n

?
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In general the decline in muscle glycogen was on the order of 100-150 nmol glucose

moieties/gram dry tissue wt, corresponding to a —25% decrease in endogenous muscle

glycogen. There was no significant difference between the tests performed at the various

exercise test days. Also, during the period of staleness (from day 258), no effect on

resting and postexercise glycogen content was observed. The muscle content of lactate

before the incremental exercise test varied considerably. Mean values from 7.4 to 26.9

umol/g dry wt were observed. These differences were rather inconsistent, and no

relationship between the pattern observed and the phase of the experiment or

occurrence of overtraining could be detected. Tissue lactate levels were significantly

increased after the incremental exercise test. The increase varied from 49 to 88 umol

lactate/g dry wt. The lactate levels during the period of overtraining were in the same

ranges as measured on previous days.

The pre-test ATP levels did not change throughout the entire experimental period (Table

5.2). A significant fall in tissue ATP was observed immediately after the exercise test

(Table 5.3). The decline in tissue ATP during the exercise test was significantly less when

signs of overtraining were present. Tissue levels of ADP and AMP showed slight but

significant variations in the pre-test biopsies throughout the experimental period. No

consistent changes were observed after the exercise test. The tissue levels of IMP, a

degradation product of adenine nucleotides, were on the order of 0.11 to 0.51 umol/g

dry tissue wt in the pre-test sample throughout the experimental period (P>0.05). After

the incremental exercise test, the tissue IMP content was found to be significantly

increased. Because of a substantial interindividual variability, no significantly consistent

pattern could be observed throughout the study.

PCr levels in the biopsy samples taken before the exercise test showed a steady

and significant decline from day 230 to day 272. After exercise a significant decrease in

PCr was found. This decline was not significantly different between exercise tests. The

extent of PCr depletion was not related to the phase of the training or the onset of

overtraining (Table 5.3).
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5.4.4 Adrenal response to ACTH

Resting cortisol levels differed significantly during the study, whereas no

relationship was observed with symptoms of overreaching or stateness (Table 5.4, time 0

h). Two hours after ACTH injection at day 271, when the animals showed symptoms of

overtraining, a significantly higher cortisol level was reached than during the three

previous tests. Four hours after ACTH injection, no difference in plasma cortisol levels

was observed. Peak cortisol levels were obviously reached before 4 h after injection of

ACTH.

5.4.5 Blood chemical variables

Plasma urea and creatinine concentrations failed to show any systematic changes

throughout the training period. The values remained within the range that is considered

as normal (data not shown).

The plasma activity of CK was not significantly elevated before or during

overtraining (data not shown). Occasionally levels of >200 U/l with a maximum of 1,000

U/l were observed. No relationship among plasma CK activity, the training program on

the previous days, and symptoms of overtraining could be detected. Prior to and during

the period of overt signs of staleness or overtraining syndrome, the mean plasma CK

activity did not consistently increase.

5.5 DISCUSSION

The purpose of the present investigation was to study the adaptation and

performance capacity to a training program, consisting of exercise gradually increasing in

volume and intensity, and to search for blood chemical and physiological markers of

overtraining.
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4 P/asnu corfiso/ (evek a( dr/fererv days before and 2 and 4 h after ACFH in/ectiofi

Time

Oh

2h

4h

200

0.1510.06'

0.4710.13*

0.3910.14"*

229

0.1910.06"'

0.3310.05''

0.2610.10*'

Day

243

0.22+0.07*'

0.3810.11*'

0.2810.09*'

257

0.1910.04'"'

0.3310.06*'

0.2210.05"

271

O^OKHM"*'"

0.4310.06''

0.2510.06''

Va/ues are means in mnxrf//; n = 7 horses Significant differences (P<0.05J within lesl-days are int/icam/ /)y c/i«erinK

superscripts.

n
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The present study demonstrates that a progressive increase in the training loads

could be tolerated by the horses as long as days of intensive exercise were alternated

with days of endurance running at moderate intensity (v140).

_-.,;•• As soon as the intensity of the endurance running was increased to v180, the

animals demonstrated difficulties in sustaining the intensive exercise bouts, and an

increasing number of animals were unable to complete the intensive training. The

inability to complete the training is considered to reflect overtraining. After this first sign

of overtraining, 2-3 days later the animals were not only unable to complete the interval

training but also showed signs of irritability and sluggishness and did not eat the normal

amount of food offered. The first phase of overtraining reflected in the inability to

complete intensive training is considered to reflect early overtraining or overreaching (5,

9). After 1-2 days, in addition to the inability to complete the training sessions, the

animals showed a complex of symptoms suggestive for overtraining syndrome or

staleness (5, 9). However, because no additional testing was done, it remains unknown

whether the overtraining in the present study concerned staleness or overreaching. It is

assumed that alternating high-intensity exercise with low-intensity exercise allows the

organism to recover and to adjust to the physical stress (9). However, by the intensity of

the endurance exercise being increased from v140 to v180, recovery was most likely

compromised, resulting in incomplete restoration of homeostasis at the onset of each

training session.

Despite the fact that the horses showed symptoms of overtraining from day 263,

this was not reflected in a significant decline of performance during the exercise test.

However, the horses were not able to complete the training sessions because of

premature fatigue. It cannot be ruled out that small changes in performance capacity as a

consequence of overtraining remained unnoticed because they stayed within the normal

variability. Observations in human athletes demonstrate that the normal variability in

maximal work load on a cycle ergometer is ~5% (8), and that in overtrained cyclists the

maximal work load is declined between 5 and 10% (6). Therefore, the treadmill test as
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used in the present study may not have been sensitive enough to detect small changes in

performance (8).

One of the significant findings of the present study is that, other than the inability

to complete the training because of premature fatigue, no other characteristic warning

signs for overtraining were found. Premature fatigue during the training was followed by

changes in behaviour, such as increased irritability and reluctance to exercise. This is in

agreement with the findings in human athletes who are subjected to a strenuous training

protocol (11). Blood chemical changes that have been associated with overtraining in

humans are increases in plasma urea concentration and plasma activity of muscle

enzymes (7). Plasma urea concentration never exceeded the upper levels of the normal

range. This indicates that overtraining in the horse is not associated with an increased

breakdown of protein. In addition, because the plasma CK activity did not increase

during overtraining, overall sarcolemmal integrity is suggested to be maintained during

overreaching and staleness. Hence, the results of the present study demonstrate that

plasma urea concentration and plasma CK activity are poor markers for an imbalance

between training and recovery. This is in line with findings reported by others (12). This is

also in accordance with histological examination of the biopsy samples from the middle

gluteal muscle, which failed to show signs of inflammation or degeneration. This

indicated that overtraining is not necessarily associated with muscle damage.

Resting cortisol levels failed to change significantly during overtraining. Conflicting

results have been reported about resting cortisol levels in overtrained athletes. Barron et

al. (1) reported decreased resting cortisol levels in overtrained human athletes, whereas

elevated resting cortisol levels have been reported in overtrained swimmers (13). It is

possible that the resting cortisol levels depend on the duration of the overtraining, i.e.,

increased plasma cortisol levels occur with early overtraining, whereas prolonged

overtraining results in decreased cortisol levels (18).

The adrenocortical response to ACTH during overtraining was increased

compared with previous tests, suggesting an increased responsiveness. This would

contradict the findings as reported by Persson et al. (16), who observed a decreased
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cortisol response after intramuscular ACTH injection in overtrained horses. Persson et al.

(16), however, studied animals with severe and progressed staleness, whereas in the

present study most likely early overtraining was encountered. Therefore, it cannot be

ruled out that prolonged overtraining is associated with decreased adrenal

responsiveness.

The red blood cell volume was not changed throughout the study. This is in

contrast with the findings as reported by Persson et al. (16), who observed an increased

red blood cell volume in overtrained horses. However, as mentioned above, Persson and

colleagues (16) studied horses with progressed staleness. It cannot be ruled out that

progressed staleness is associated with an increase in red blood cell volume.

The data from the present study show that muscle glycogen levels were normal

throughout the study and were not decreased during overreaching and staleness.

Although Costill et al. (2) reported that insufficient intake of carbohydrate and decreased

glycogen levels are important factors for inducing overtraining, the present study shows

that overtraining can occur despite normal resting muscle glycogen levels. The data from

the present study suggest that insufficient time for recovery is important rather than

inadequate carbohydrate intake and insufficient repletion of muscle glycogen. The

normal resting glycogen levels may explain the normal plasma lactate levels during the

exercise tests. Some authors have reported that lower plasma lactate levels during given

work loads can be observed in overtrained athletes, as well as lower maximal plasma

lactate levels (2, 4, 6). This is generally attributed to a lower muscle glycogen pool at the

start of the exercise bout, although Lehmann et al. (10) attributed lower lactate levels to

decreased catecholamine output during overtraining. Lehmann et al. (10), however, did

not actually measure muscle glycogen levels.

The inability to complete the intensive training because of fatigue cannot easily be

explained by the biochemical data obtained from the muscle samples before and

immediately after the exercise test. Resting muscle glycogen levels and glycogen use

during the exercise test did not change throughout the study. Thus the early fatigue

cannot be attributed to premature glycogen depletion. The drop in tissue ATP during the
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incremental exercise test was significantly less during the last test when the animals

showed symptoms of overtraining. Interestingly, the decreased drop of ATP was not

reflected in the larger decline in PCr or higher increases in lactate. Taking into account

that the same amount of work was performed during the exercise test, the present

findings suggest an improvement of ATP regeneration during exercise after the onset of

overtraining. This conclusion is, however, rather speculative and further experimentation

is required to explore the relationship between overtraining and ATP utilisation.

In conclusion, the present study demonstrates that overtraining can be induced in

horses by gradually increasing the training loads. The earliest sign of overtraining is the

inability to complete the intensive training, with associated increased irritability and

reluctance to exercise. The generally advocated blood chemical variables failed to

demonstrate specific changes during overtraining in the horse.
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EFFECTS OF 3-MIN SUBMAXIMAL EXERCISE

BOUTS COMBINED WITH ENDURANCE

TRAINING ON THE PERFORMANCE CAPACITY

OF HORSES

This chapter will be published as:

G. Bruin, H. Kuipers, G. Andre, and C.J. van der Vusse

Effects of 3-min submaximal exercise bouts combined with endurance training on the

performance capacity of horses
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6.1 ABSTRACT

/n a randomised b/ock design, 24 Standardbred trotter sta/fions were used to

investigate the effect of the number and intensity of 3-minute aerobic work bouts on the

performance capacity. Performance capacity was expressed as the regression of heart

rate versus power output, p/asma /actate versus power output, the tota/ running time,

and the tota/ amount of vertkra/ work, /n addition, p/asma vo/ume, red Wood ce//

vo/ume, and ske/eta/ musc/e /eve/s of g/ycogen, /actate, energy-rich phosphates and

re/ated compounds were determined. The horses were trained three times a week

during a period of 704 days. The exercise protoco/ consisted of either 3 or 6 interva/s at

70% or 85% of the peak heart rate, interspersed by 3-min exercise at an intensity of

60% of the peak heart rate. Prior to the experiment, and at day 54 and 706, the horses

performed a stepwise increasing exercise test unti/ exhaustion on a freadmi//

Aerobic exercise with an intensity of 70% or 85% of the peak heart rate, resu/ted

in an increase of performance capacity of the horses, in a// four training regimens, when

the amount of vertica/ work de/ivered on the treadmi// was considered Cup to 74%,

irrespective of the training protoco// The improvement of tota/ running time unti/

exhaustion was /ess consistent. Red b/ood ce// vo/ume and p/asma vo/ume increased

with a faster rise in the groups with the higher exercise intens/ty. During the

experimenta/ period an increase of musc/e g/ycogen and AMP, and a decrease of resting

ATP was observed. Resting phosphocreatine /eve/s remained unchanged.

/mmediate/y after the incrementa/ exercise test a decrease of musc/e content of

g/ycogen, phosphocreatine and ATP of about 30-40%, 50% and 20-30% respective/y,

was found. Musc/e /actate and /MP /eve/s showed an increase up to 75-700 and 2-3 n

mo//g dry weight, respective/y. No differences were observed between the training

profoco/s and the days of the test. No changes were seen in the re/ationship between
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heart rate or p/asma /actate and power output. The d//ferent exerc/se protoco/s provided

comparab/e resu/ts.

/n summary, the data of the present study demonstrate that in horses an aerobic

training protoco/, consisting of 3 or 6 times 3 min wor/c bouts at intensities of either 70%

or 85% of the peak heart rate, resu/ts in an improved performance capacity of about

70%. This improvement was irrespective of the intensity and/or number of the work

bouts. Because of the effect of exercise intensity on the increase /n red b/ood ce//

vo/ume, it is advised to use an intensity of 85% of the maxima/ heart rate. The number of

repetitions shou/d be kept as low as possib/e to prevent in/uries. Three repetitions as

used in this study proved to be sufficient for the increase in oxygen transport capacity.
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6.2 INTRODUCTION

One of the important determining factors for physical adaptation to training is

the intensity of exercise (2, 4, 16, 24, 26, 28, 34). In order to achieve the maximal

improvement of performance capacity in .in individual, the optimal frequency,

exercise intensity, and duration of exercise have to be known. In humans, an exercise

intensity of 70% of the maximal heart rate appears to be the minimal training stimulus

to provide improvements of the aerobic capacity. A lower intensity ran be compen-

sated by a longer duration of the exercise bout imposed on the athlete or a higher

training frequency (16). In experiments with interval training in humans, in which the

effect of number of training sessions was studied, it was found that the effect on

VOjnu,. of 2 versus 5 training sessions weekly, was comparable (16). Well controlled

experimental data on the effect of training on horses are relatively scarce. In practical

horse training, usually days of interval training are alternated by days on which

endurance exercise at moderate intensity is used. It is largely unknown, however,

which number of repetitions and which exercise intensity yield the largest effects on

aerobic performance capacity, and whether the training effect is linearly related to the

number of exercise bouts.

Therefore, the purpose of the present study was to investigate in horses the

effects of the number of repetitions as well as the exercise intensity on the

performance capacity with exercise of submaximal intensity. To this end the effect of

three or six 3-min bouts of exercise at 70% or 85% of the peak heart rate on

performance capacity, measured on a treadmill, were studied. To obtain insight into

the physiological basis of possible changes in performance capacity a number of

physiological and biochemical variables was measured, such as plasma volume, red

blood cell volume and, in muscle biopsies, glycogen, lactate, energy-rich phosphates

and related compounds.
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6.3 MATERIAL AND METHODS

6.3.1 Horses and training

Twenty-four 2-6 year old Standardbred trotter stallions entered the study that

was spread over a two year period for practical reasons. During two consecutive years

12 different horses participated and were subjected to the same training regimen. In a

randomised block design the horses were assigned to one of four different treatments.

Heart rate was used to determine the exercise intensity. The exercise intensity was

based on fixed percentages of the peak heart rate. The peak heart rate was the

maximal heart rate ever measured in the individual horse under investigation during an

exercise test until exhaustion.

The four different training protocol treatments consisted of:

group 7. 3 bouts of 3 mm at 70% interspersed w/th 3 m/n at 60% or" the peak heart rate

group 2: 3 bouts of 3 mm at 85% interspersed with 3 m/n at 60% of the peak heart rate

group 3. 6 bouts of 3 min at 70% interspersed with 3 m/n at 60% of the peak heart rate

group 4. 6 bouts of" 3 m/n at 85% interspersed w/th 3 m/n at 60% of the peak heart rate.

Each training session was preceded by a 6 min warming-up at 4.5 m/s. The four

different training protocols were performed on a treadmill with an inclination of

6.25%, 3 times a week for a period of 106 days. The days with treadmill training were

interspersed with days on which endurance running at an intensity lower than 60% of

the peak heart rate was performed in a rotary exerciser. In the afternoon of the days

with treadmill exercise the horses performed an exercise bout of 30 min at 1.5 m/s in a

rotary exerciser. In total the horses were exercised for 6 days per week with 1 day

complete rest. Once a week the speed of the treadmill during the interval bouts and

endurance exercise was adjusted according to the results of training and tests in order

to obtain the desired level of 70 or 85% of the peak heart rate. The horses were

individually housed, and fed according to the energy requirements.
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6.3.2 Working procedure

, , Every day at 8 a.m. the weight of the horses was measured.

On test days, after weighing, the right jugular vein was catheterised and after

anaesthetisation of the skin a biopsy was taken from the gluteus medius muscle (3, 6).

The safety belt and the belt for the heart rate monitor were attached. The ecg-

equipment was also attached to the belt of the heart rate monitor. Blood samples were

taken prior to exercise, during the last 15 s of each step, 2 and 5 min after finishing the

test and immediately after every training session.

Immediately after the test 15 ml 2% Evan's Blue dye was injected (thereafter the

catheter was washed with 5 ml physiologic saline solution), a muscle biopsy was taken

and the rectal temperature was measured. After that, the horse was showered,

weighed and put into the housing box. Fifteen min after the Evan's Blue injection a

blood sample was taken to determine the plasma volume. The tests were performed

between 7 a.m. and noon.

6.3.3 Incremental exercise test and data collection

During the experimental period, three incremental exercise tests were done on

the treadmill (day 0, day 54 and day 106). The incremental exercise tests were

preceded by one day rest. After a 6 min warming-up at 4.5 m/s, the incremental

exercise tests consisted of a 2 min step at a treadmill speed of 2 m/s. Thereafter the

speed was increased to 5 m/s and every 2 min further increased with 1 m/s until

exhaustion. Exhaustion was considered to be reached when, despite encouragement,

the horse was not able to maintain the running speed.

During training exercise and during the incremental exercise test the heart rate

was continuously recorded every 5 s by means of the "Sport tester PE3000" (Polar

Electro) and during the incremental exercise tests also by means of an

electrocardiogram (ecg) (Schwarzer C56OOO). During the incremental exercise test time

to exhaustion was measured. Since the treadmill had a 6.25% incline, the power
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output and the total amount of vertical work (kj) delivered until exhaustion could be

calculated.

The power output (Watt) is calculated according to the formula:

power = 9.81 x body we/ght x speed x s/n a

In this formula body-weight is expressed in kg, speed in m/s, and a is the angle

(degrees) of inclination of the treadmill.

The amount of vertical work (kj) per stage is calculated according to the

formula:

work = 9.81 x body-we/gri( x speed x durat/on x sin a

in which duration is the running time (s) at each treadmill speed. The amount of work

at each speed is summated, resulting in the total amount of work. Only the vertical

component was included.

The relationship between heart rate and power output is described by the

linear relation (HR = heart rate in beats/min; power = power output in Watt; p

o=intercept;

P,=regression coefficient):

HR = Pu + p, x power

I he relationship between plasma lactate concentration (mM) and power output

(Watt) is described by the exponential curve:

/actate = A + S x R*"~"

in which /actate is the plasma lactate concentration (mM), A, B and R are regression

parameters, and power is the power output (Watt).

Changes in the performance capacity were measured as changes in the

regression of heart rate (beats/min) versus power output (Watt), plasma lactate (mM)

versus power output (Watt), the total running time until exhaustion (s), and the total

amount of vertical work until exhaustion (kj).
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6.3.4 Measurement of plasma lactate and muscle enzymes .,.,

The samples were centrifuged in heparinized Eppendorf-cups at 12,000 revolu-

tions per min (8800 g). The plasma was immediately frozen at -20"C and subsequently

stored at -80°C. Plasma lactate was determined with a Lactate analyser 640 (La Roche).

The plasma activity of creatine kinase (CK), aspartate aminotransferase (AST), alanine

aminotransferase (ALT) and lactate dehydrogenase (LDH) was determined by means of

enzymatic spectrophotometry (Boehringer").

6.3.5 Measurement of plasma volume and red blood cell volume

The blood sample was centrifuged during 10 min at 2,000 revolutions per min.

The resulting plasma was centrifuged again during 30 min at 12,000 revolutions per

min and frozen at -20°C The frozen samples were stored at -80°C The plasma volume

was calculated according to:

where PV is the plasma volume in ml, EB the amount of injected Evan's blue dye in

mg, and C the concentration of the dye in mg/ml plasma.

The normalised red blood cell volume is:

We/

(100- Wc/)x

where CV is the red blood cell volume in ml/kg, PV the plasma volume in ml and Hct

the venous hematocrit (%). Body weight is expressed in kg.

6.3.6 Measurement of muscle levels of energy-rich phosphates, glycogen and lactate

The metabolic status of the muscular tissue was judged by determination of the

amount of phosphocreatine (PCr), adenosine triphosphate (ATP), adenosine

diphosphate (ADP), adenosine monophosphate (AMP), and inosine monophosphate

121



Chapter 6

(IMP) in biopsies obtained from the gluteus medius muscle. Also the tissue contents of

glycogen and lactate were determined.

The portion of the biopsy that was used for biochemical analysis was rapidly

frozen in liquid nitrogen. Time interval between sampling of tissue and freezing was in

the order of 5-10 s. The frozen tissue samples were stored at -80°C. Prior to biochemi-

cal analysis the samples were freeze-dried at -30"C overnight.

Freeze-dried tissue was weighed and divided in at least two parts. One part

(~10 mg dry wt) was used for the determination of adenine nucleotides and related

compounds, phosphocreatine, lactate, and glucose. To this end, the tissue sample was

extracted at -15"C in a mixture of perchloric acid (3 M) and dithiothreitol (5 mM). The

extraction volume was adjusted to the dry weight of the tissue specimen (~25 ul

extraction fluid per mg dry tissue weight). The tissue was ground with a glass rod in the

extraction fluid and subsequently rapidly frozen in liquid nitrogen and thawed to a

temperature of 4°C The mixture was centrifuged at 4 C with 1200 g for 5 min. An

aliquot of the supernatant was removed and neutralised with KHCO, (36). The

neutralised supernatant was stored at -80°C until further analysis.

The second part of the freeze-dried tissue (~5 mg dry wt) was used for

glycogen determination. The tissue specimens were kept at 100°C for 3 h after addition

of 1.0 ml of 1 M HCI. Thereafter, the samples were neutralised with

tris(hydroxymethyl)-aminomethane (0.12 M)-KOH (2.1 M), saturated with KCI. The

glucose residues were measured fluorometrically as described elsewhere (35). The

values obtained were corrected for the amount of free glucose already present in the

tissue at the time of sampling.

The tissue content of adenine nucleotides and related compounds was determi-

ned by high-performance liquid chromatography with the use of a method modified

after Wijnants and Van Belle (37) and described by Van der Vusse et al. (36). Briefly, a

small sample of the neutralised extract (10 ul) was applied to a reverse phase column
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(Lichrosorb RP-18, Merck). Stepwise gradient elution, using two solvents, was applied

to separate the compounds of interest. Flow rate amounted to 0.8 ml.min'. Solvent A

was an aqueous buffer of NH^HjPO,) (150 mM, pH = 6.0), solvent B consisted of a

1:1 (vol/vol) mixture of acetonitrile and methanol. Peaks were detected at 254 nm and

identified by comparing retention times with known standards. In case of IMP, the

presence of this substance in the extraction fluid was also positively identified by

comparing the extinction of the peak at two different wave lengths (i.e., 254 and 293

nm). LiChroCart 4-4 (Merck) was used as guard column.

PCr was measured fluorometrically as described earlier (35). Lactate was

assayed according to Passoneau (21). Free glucose was assayed as described (35) and

expressed as micromoles per gram dry weight.

6.3.7 Statistics

The experiments were performed in a completely randomised block design.

Blocks were based on performance capacity immediately before the start of the

experiment. In a single experiment 12 horses were used. The two experiments were

identical and the data were analysed together using the Genstat package (9).

Analysis was performed according to the following model:

with:

y^i response horse j in block i in test k

H Jevel

C random effect block i (i = 1 ...3), (L~ N(0,<V)

a, fixed effect treatment j (j = 1 ...4)

E, ,i rest, : variance between horses within block, £,~ N(0,CTp*)

t,, fixed effect test k (k = 1 ...n) n = (max) number of tests

(CIT)H interaction effect treatment j in test k

£, ,,i rest, : variance between tests within horses, e^~ N(0,o,')
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For reasons of readability, neither the year-effect for the two combined

experiments nor the notation for the orthogonal polynomes is included in the formula.

Treatment effect is presented with only one symbol (j). In reality more factors were

involved (in a factorial design). Time course was simultaneously tested with the F-test,

while conditionally, if the F-test produced a significant effect, Students' t-test was

performed for pairs. The different populations were compared with the pooled

estimate of the variance of difference. The standard error of difference of means (sed),

multiplied by Students' t^, produces the least significant difference (Isd). The value of t^

is —2, depending of the degrees of freedom. Differences were regarded significant at p

< 0.05.

Before combining the data of the two identical experiments, homogeneity of

variances was analysed according to Snedecor et al. (30). Interactions between

experiment and treatment were analysed as well. The heterogeneity between horses

proved to be large and blocks did not reduce the experimental error.

6.4 RESULTS

6,4.1 Acceptance of the exercise protocol and training intensity

The horses tolerated the exercise protocol very well. In total 16 out of 912

planned training sessions were skipped. None of the horses missed more than 2

sessions. No serious health problems were observed during the experimental period.

The blood plasma levels of muscle enzymes (CK, AST, LDH) were found to be within

normal ranges and were without systematic changes (data not shown). The same holds

for the liver enzyme ALT.

Analysis of the heart rate recordings during training revealed that the horses in

the groups with 3 or 6 intervals at nominally 70% of the peak heart rate had exercised

at an average of 73% and 72% of the peak heart rate, respectively. The groups with 3
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or 6 intervals at nominally 85% of the peak heart rate had exercised at an average of

87 and 86% of the peak heart rate, respectively.

Plasma lactate levels, at the end of the interval training, showed an average of

1.0±0.3 and 1.5±1.1 mM in the groups with 3 or fa intervals at 70% of the peak heart

rate, respectively, and an average of 2.7±1.3 and 3.3+1.9 mM in the groups with 3 or

6 intervals at 85% of the peak heart rate, respectively.

6.4.2 Incremental exercise test, plasma lactate. plasma volume and red blood cell

volume.

Table 6.1 and 6.2 show the findings of running time until exhaustion and the

amount of vertical work of the various regimens in the incremental exercise tests on

dayO, 54, and 106.

Tab/e 6.7 Running t/me unfi/ exhaustion ft) during (he inrremenfa/ exercise test in the different

training protoco/s.

Training protocol

3x3 min at 70%

3x3 min at 85%

6x3 min at 70%

6x3 min at 85%

0

741±61

740*±70

748*±22

728*±45

Day of experimental period

54

770158

815^±67

786^t>±39

759*b±38

106

778±60

781^126

791b±64

776*>±81

Data are given as mean and standard deviation. Sign/Ticant differences (P<0.05.) within one

training protoco/, are indicated in the horizonta/ direction by the superscripts * ' ° ' ^ , meaning no

difference in case of" an identica/ /etter Cn = 24 horses; standard error o/" differences fted) - 20/
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Tab/e 6.2 Amount of vertica/ wor/c (/$ de/ivered during the incrementa/ exercise test of the

different training profoco/s.

training protocol

3x3 min at 70%

3x3 min at 85%

6x3 min at 70%

6x3 min at 85%

0

1404-4:239

1328*1262

1423-4:106

1289^+175

Day of experimental period

54

1486-»<b±232

1516*4:192

1512-4:85

1368*'k±189

106

1562*4:260

1469*4:171

1565*4:92

1408*4:174

Data are given as mean and standard deviation. Significant differences fP<0.05.) within one

training protoco/, are indicated in the horizonta/ direction fay the superscripts •*'"'<-, meaning no

difference in case of an identica/ /etter (n=24 horses; sed= 49j.

The results indicate that running time until exhaustion increased during the

training period in three out of four groups (Table 6.1), i.e., the group with 3 work bouts

at 70% of the peak heart rate did not show an improvement. It was found that in the

other three groups the program with 3 exercise bouts of 3 min at 85% of the peak

heart rate was the only one reaching the level of significance as early as day 54. No

further increase was seen between day 54 and day 106. Between day 0 and day 106

the increase of the running time until exhaustion ranged from 5-7% of the running

time on day 0. Despite a significant improvement in the groups with 3 x 3 min at 85%,

6 x 3 min at 70% and 6 x 3 min at 85%, no differences between treatments were seen

at the corresponding test days.

Regarding the different regimens, an increase in vertical work delivered ranging

from 6-14% on day 54 was found, with only the change in the group with 3 exercise

bouts of 3 min at 85% reaching the level of significance (14% increase). Compared

with the level on day 0, the increase on day 106 ranged from 9-11% (Table 6.2). This
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increase was significant in all tour groups. No significant differences were present

between the different treatments at corresponding test days.

The peak heart rate of the individual horses, measured during the incremental

exercise test, did not change during the training period (data not shown). No change

was found in the relationship between heart rate and plasma lactate as a function of

power output during the experimental period in the different exercise protocols (Fig.

6.1 and 6.2). So, despite an increase in performance capacity during the experimental

period, neither heart rate nor plasma lactate showed a change at the same workload in

any of the training groups.

25 Plasma lactate imMl

20

15

10

5 •

500 1000 1500 2000 2500

Power Output (Watt)

3000 3500

F/g. 6.7 Average p/asma /actare concentration during the incrementa/ exerdse rest at day 0 and

day 706 of" the experiment/ period, for the sake ofc/arify on/y mean values are given (n = 24)

Plasma volume was found to be enlarged in all groups at the end of the

experimental period (Table 6.3). Only the group with 3 repetitions at an intensity of

70% of the peak heart rate showed no increase at day 54. The other groups showed a

significant increase in the first half of the experimental period. Thereafter no further

increase was seen in these groups.
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250 1 Heart " • * (beats/mini

225

200

175

150

-dayO

•day 106

1000 1500 2000

Power Output (Watt)

2500 3000

/>Jy. 6..? A/CM/J Jxvj^t ^J/O ^/waf^/minl r/i/nV^ fhp inrrpmpnf^/ pxprc/se test at day 0 and day 706

of" the experiment/ period, for the sake of c/arify on/y the mean va/ues are presented (n = 2<V

Red blood cell volume increased significantly in all groups during the

experimental period (Table 6.4). At the start of the experiment (day 0), an unexplained

difference was seen between the groups with an intensity of 70% and 85% of the peak

heart rate. Still, a significant effect of exercise intensity was found with a larger change

in the groups with an exercise intensity of 85% of the peak heart rate (P<0.001). These

groups showed a significant increase between day 0 and day 54, and again between

day 54 and day 106, while the groups with an exercise intensity of 70% of the peak

heart rate showed a significant increase only over the total experimental period.
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TaWe 6.3 P/asma vo/ume C/J measured immediately after the incremental exercise test of the

different training protoco/s.

training protocol

3x3 min at 70%

3x3 min at 85%

6x3 min at 70%

6x3 min at 85%

0

23.3"»l3.O

22.0*13.1

22.0*12.9

20.5*12.7

Day of experimental period

54

24.7<*15.3

24.8^13.6

24.6^14.5

25.2^12.6

106

25.0^13

26.0bi1

24.7^13

25.0^12

.7

.5

.8

.8

Data are given as mean and standard deviation. Significant differences (P<0.05) within one

training protoco/, are indicated in the horizonta/ direction by the superscri/5ts * ° ' ^ , meaning no

difference in case of an identica/ /etter (n = 24 horses; sed=0.7J.

7ab/e6.4Redfa/oodce//

training protocol

3x3 min at 70%

3x3 mm at 85%

6x3 min at 70%

6x3 min at 85%

vo/ume

77.5

60.5

81.9

63.2

fm//Jkg) after the exercise test of the different

Day

0

\l15.2

\ i14.0

*x±19.7

*y±15.2

of experimental period

74.

75

83.

73.

54

4%±19.3

.5^18.4

4>25.2

7^110.2

training protoco/s.

106

83.7'',,±25.8

87.4^yl12.8

89.9^125.3

86.2^y±12.5

Data are given as mean and standard deviation. 5igni/?canf differences fP<0.05.) within one

training protoco/, are indicated in the horizonta/ direction by the superscripts *»"'^, and in the

vertica/ direction fay the subscripts *,y,Z/ meaning no difference in case of an idenfica/ /efter

(n=24 horses; sed=2.5>.
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6.4.3 Biochemical parameters in muscle biopsies

The tissue content of some biochemical variables measured in biopsies of

gluteus medius muscle showed a change during the training period, whereas no

differences were seen between the different training protocols. Because of that the

data of the four training groups were combined and presented for all horses in one

table as values before the incremental exercise tests (Table 6.5). The values for the

biopsies taken before the incremental exercise tests show an increase in resting muscle

glycogen content during the experimental period. A lower resting level of ATP was

observed on day 54 and day 106 compared to day 0. The resting AMP content in

muscle tissue was found to be increased on day 106 compared with day 0 and day 54

(Table 6.5). The content of the other compounds measured did not change.

Immediately after the maximal exercise test profound changes were found in

the tissue content of biochemical variables. The differences in tissue levels of

biochemical parameters measured in biopsies taken before and after the incremental

exercise tests were also pooled, because no significant differences in the exercise-

induced changes among the four training protocols could be found (Table 6.6).

During the exercise test glycogen content decreased by approximately 30-40%

(Table 6.6). Lactate levels were found to be increased from 10-12 to 75-100 umol/g

dry weight. Phosphocreatine levels dropped by approximately 50%, while the content

of ATP fell by 20-30% or 6-7 umol/g dry weight. The amount of IMP increased from

0.1-0.2 umol/g dry weight to values in the range of 2.0-3.0 umol/g dry weight. No

statistical differences with respect to the magnitude of the changes could be observed

between the different test days.
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7ab/e 6 5 Rest/ng musc/e content OfC/ycogen, (actate. PCr, AfP, ADP, AMP and /MP before the

/ncrementa/ exerc/se test at different days.

Day of experimental period

54 sed

Clycogen

Lactate

PCr

ATP

ADP

AMP

IMP

577*1116

12.0±5.0

80.2±14.7

28.4*12.2

2.6±0.2

0.11 ̂ ±0.06

0.0910.09

6 3 0 ^ 1 1 9

12.1±9.3

72.2±13.6

25.5^13.5

2.310.4

0.11*10.06

0.1810.17

(>80"l96

10.815.0

80.3116.7

26.7^12.8

2.510.2

0.21^10.10

0.1410.12

3(>

1.9

4.6

0.8

0.1

0.03

0.04

Data are g/Ven as mean and standard dev/at/on /'n nmo//g dry we/ght; n = 24 horses. PCr,

phosphocreatine. Data of a// groups were comb/ned s/nce no d/fferences between groups were

present.
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Tab/e 6.6 Difference in musc/e content of G/ycogen, iactate, PCr, ATP, ADP, AMP and /MP

before and immediafe/y after incrementa/ exercise test aJ different days.

Day of experimental period

Clycogen

Lactate

PCr

ATP

ADP

AMP

IMP

0

2531116

-81.5128.0

51.3123.3

6.314.0

-0.0410.37

0.0010.06

-2.712.1

54

2291154

-74.6128.8

41.2115.6

7.015.1

-0.1310.47

-0.0310.09

-2.712.4

106

2591140

-64.4128.8

42.6115.2

6.0+4.6

0.0710.39

-0.0110.08

-2.012.2

sed

46

8.7

6.0

1.6

0.11

0.03

0.7

Data are given as mean and standard deviation in n/no//g dry weight; n = 24 horses. PCr,

phosphocreatine. Data of a// groups were comb/ned s/nce no differences between groups were

present.

6.5 DISCUSSION
I

The main purpose of the present investigation was to study in horses the effect

of aerobic training protocols, varying in intensity and number of repetitions, on

performance capacity. In addition, it was attempted to relate possible improvement of

performance capacity to changes in other relevant physiological variables.

Heart rate recordings showed that the intensity of the work bouts in the

different groups corresponded well with the target intensities of 70% and 85% of the

peak heart rate. Plasma lactate levels proved to remain below 4 mM. This indicates
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that the maximal (averaged) intensity of 87% of the peak heart rate still resulted in

mainly aerobic exercise, supporting the findings of Lindholm et al. (14,15) and Asheim

etal. (1).

The performance capacity, measured as the total amount of vertical work

during the incremental exercise test, increased in all groups over a period of 105 days.

This suggests that 3 bouts at 70% of the peak heart rate already provides a sufficient

stimulus to increase aerobic working capacity in horses. These results are in line with

those of Knight et al. (13), who studied the effect of exercise intensity on VO,,„„,.

These investigators compared continuous exercise at intensities of 40% and 80% of the

maximal oxygen uptake and observed a 10% increase of the VO..^,, after two weeks of

training in both groups without a difference between the two training protocols.

Interestingly, in the present study the fastest effect of training on performance capacity

was observed in horses undergoing a training protocol that consisted of 3 times 3-min

exercise at 85% of VO2m*«- Both running time until exhaustion and amount of vertical

work showed already after 54 days of training a statistically significant improvement

(Table 6.1 and 6.2).

Peak heart rates did not alter during the experimental period which is in

agreement with experimental findings of others (7, 8). Therefore, it appears to be

justified to use the relative heart rate (expressed as a percentage of the peak heart rate)

as a parameter for the exercise intensity throughout the training period.

No change in the relation between heart rate and power output and plasma

lactate and power output occurred during the experimental period. This is in

agreement with the findings of Knight et al. (13), who failed to find a change in V,™

comparing two programs with aerobic training, and also in line with findings of other

investigators (7, 18, 26). In contrast, Foreman et al. (8) and Thornton et al. (.32)

reported a decrease in heart rates at submaximal exercise after a period of training.

This discrepancy may be caused by differences in training status at the beginning of the

training period. The more untrained the animals are at the onset of the training, the
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larger the shifts in the relationship between power output and plasma lactate levels will

be (2).

To obtain insight into the possible mechanism underlying changes in

performance capacity, a number of relevant physiological variables was determined.

Plasma volume and red blood cell volume are determining factors for training and

aerobic working capacity (22). Plasma volume increased between 7% and 22% during

the training period in the different exercise groups (Table 6.3). The changes in plasma

volume were consistent with the findings of Persson (22), Knight et al. (13), McKeever

et al. (17) and Roneus et al. (25). An increase of red blood cell volume between 8%

and 44% was seen in the different groups (Table 6.4), which is in accordance with the

findings of Persson et al. (23). Both parameters showed the fastest rise in the group

with 3 repetitions at an exercise intensity of 85% of the peak heart rate, suggesting that

exercise at relatively high intensities at the start of a training program is instrumental in

enlarging red blood cell volume and consequently in improving oxygen transport

capacity.

Irrespective of exercise protocol, an increase in resting muscle glycogen content

was seen during the training protocol. This corroborates the findings in human

volunteers subjected to aerobic exercise (for references see 28) and the findings of

Lindholm et al. (14, 15), Nimmo et al. (19), Guy et al. (11) and Foreman et al. (8) in

horses. Increased tissue levels of glycogen is considered to be an important metabolic

adaptation in muscles, which will improve the endurance time of high intensity

exercise because of an enlarged pool of available carbohydrate substrates for glycolytic

energy conversion.

The resting tissue level of ATP showed a small but significant decline during the

training period. No explanation can be offered for this rather unexpected

phenomenon. At first sight, a decline in this important high-energy phosphate may be

disadvantageous for proper mechanical function of the skeletal muscle cell. However,
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it should be taken into account that in addition to the absolute level of ATP, the

turnover of the cellular ATP is of great importance for the conversion of chemical into

mechanical energy in the skeletal muscle cell. The present experimental set-up,

however, does not allow for conclusions regarding the effect of training on ATP

turnover rates.

Interestingly, resting skeletal muscle content of AMP showed a significant

increase at the end of the training protocol. Although this change was found to be

small in absolute terms, it cannot be excluded that an increase in the cellular content

of this important regulating agent affects metabolic energy conversion in the (resting)

muscle. As AMP influences the rate of both glycogenolysis and the glycolytic pathway,

the training protocols applied in the present study may exert a positive effect on

glucose metabolism in equine skeletal muscles (5).

In general, the other biochemical parameters measured in the middle gluteal

muscle did not show a consistent change during the course of the training period.

These findings strongly suggest that the level of the high-energy phosphates and related

compounds is not a major limiting factor for obtaining a higher performance capacity

during aerobic exercise programs at different intensities and repetitions of exercise

bouts, as used in this experiment.

The magnitude of the decline in tissue glycogen and phosphocreatine and ATP,

and the increase of tissue lactate and IMP, and the basically unchanged levels of ADP

and AMP during the incremental exercise test did not differ between either the various

exercise protocols or during the course of the training period. This finding shows that

energy metabolism very much adapts to the significantly increased work (i.e., amount

of vertical work and running time until exhaustion) performed during the incremental

exercise test.

The increase in tissue IMP associated with decreased ATP levels indicates that

the energy production is challenged with enhanced myokinase activity to generate

anaerobically ATP from ADP, which results in the formation of AMP and subsequently
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IMP. These findings are in line with the observations of Sahlin et al. (27) and Sewell et

al. (29). The extent of glycogen consumption during the incremental exercise tests was

of the same magnitude as described by Lindholm et al. (14), Gottlieb (10), Nimmo et

al. (20) and Harris et al. (12). The change in lactate content in muscle tissue during the

exercise tests corroborates the findings of Valberg et al (33), Snow et al. (31) and Sewell

et al. (29).

In conclusion, the data of the present study demonstrate that in horses an

aerobic training protocol, consisting of 3 or 6 times 3-min work bouts at intensities of

either 70% or 85% of the peak heart rate, results in an improved performance capacity

of about 10% when amount of vertical work delivered during a treadmill test was

considered. This improvement was not influenced by the intensity and/or number of

the work bouts over a period of 105 days. A significant contribution to practical

training is that the effect on performance capacity is not linearly related to intensity

and volume of training. Because of the effect of exercise intensity on the increase in

red blood cell volume, with a faster adaptation at the higher exercise intensity, it is

advised to use an intensity of 85% of the maximal heart rate. The number of

repetitions should be kept as low as possible to prevent injuries. Three repetitions as

used in this study proved to be sufficient for the increase in oxygen transport capacity.
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EFFECTS OF 1 -MIN ANAEROBIC EXERCISE

BOUTS, ADDED TO AEROBIC INTERVAL

TRAINING OF DIFFERENT INTENSITY AND

DURATION, ON THE PERFORMANCE CAPACITY

OF HORSES

This chapter will be published as:

G. Bruin, H. Kuipers, C. Andre, and G.J. van der Vusse

Effects of 1 -min anaerobic exercise bouts, added to aerobic interval training of dif-

ferent intensity and duration, on the performance capacity of horses

Int j Sports Med (Accepted for publication)
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7.1 ABSTRACT

/n a randomised b/ock design, 72 Standardbred trotter sta///on.s were used to

invest/gate the effect of aerobic exerc/se at two different mtens/fy /eve/s, combined with

six 7-minute anaerobic exercise bouts, on the performance capacity of horses.

Performance capacity was expressed as the regression of heart rate versus /wwer output,

p/asma /actate versus power output, tota/ running time unti/ exhaustion, and the tofa/

amount of vertica/ work, /n addition, a number of biochemica/ variab/es was measured

in biopsy samp/es from the midd/e g/utea/ musc/e. The horses were trained three times a

week during a period of 706 days on a treadmi// with a 6.25% inc/ine. The training

protoco/s consisted of six 3-minute interva/s at 70% of the peak heart rate or three 3-

minute interva/s at 85% of the peak heart rate combined with 6 intensive exercise bouts

of 60 seconds at a heart rate > 90% of the peak heart rate. Before the experiment and

at day 40, 77 and 706, the horses performed a stepwise increasing exercise test unti/

exhaustion on the freadm/7/.

None of the exercise protoco/s resu/ted in a significant improvement of the

performance capacity, /n addition no changes in other indices of performance and of

biochemica/ markers in b/ood p/asma were found between the four training protoco/s.

Overa//, in musc/e biopsies the g/ycogen content showed an increase during the training

period, wh;7e during the incrementa/ exercise tests the amount of g/ycogen and /\7P

decreased and the amount of /MP increased. The increase in /actate and /MP during the

exercise test at day 706 was found to be /ess pronounced in the groups with anaerobic

components in their training protoco/.

/n conc/usion, the resu/ts suggest that training protoco/s consisting of aerobic

interva/s combined with six 7-minute sprints resu/t/ng in p/asma /actate /eve/s of 7-fl

mM, are not sufficient to increase performance capacity. A/I/J. m/ght indicate that

exercise resu/ting in p/asma /actate /eve/s be/ow 70 mM is ineffective for improving

performance capacity. Most /ifce/y, exercise bouts resu/ting in p/asma /actate /eve/s above

70 mM are necessary to rea/ise the maxima/ performance capacity of horses.
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7.2 INTRODUCTION

Races with Standardised trotters and Thoroughbreds have a duration between

—1 and —10 minutes and challenge aerobic as well as anaerobic energy conversion.

Training exercise of these horses should therefore include both anaerobic and aerobic

exercise (10, 11, 12). To improve the aerobic capacity in humans an exercise intensity

between 70% and 85% of the maximal heart rate is necessary (13). Anaerobic training

in horses as well as in humans requires intensities beyond 85% of the peak heart rate

(11, 13, see also chapter 6). The disadvantage of anaerobic exercise is that it rapidly

induces fatigue (1). In a previous study (chapter 6) it was shown that intermittent

aerobic exercise bouts do increase performance capacity. However, it is unknown

whether adding anaerobic bouts exercise yields a higher increase in performance

capacity. In horse training limited research has been done to study the effect of

different training regimens including both aerobic and anaerobic components. Usually,

based on tradition and intuition a mixed training program is applied consisting of

aerobic endurance type of training combined with high intensity interval training (4, 5,

8, 14, 15, 16, 17).

Therefore, in the present study the physiological response was studied of a

training program as used in horse practice consisting of aerobic exercise of different

intensity, to which none or 6 intensive, anaerobic exercise bouts were added. In order

to obtain insight into the physiological basis of possible changes in performance

rapacity a number of physiological and biochemical variables was measured, such as

plasma volume, red blood cell volume, and the skeletal muscle content of glycogen,

l.u tate, energy-rich phosphates and related compounds.

7.3 MATERIAL AND METHODS.

7.3.1 Horses and training

Twelve two-year-old Standardbred trotter stallions were used. The horses

participated in a previous study. To reverse training effects, two months of low
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intensity endurance exercise at an intensity lower than 60% of the peak heart rate was

given for 5 days a week. In a randomised block design the horses were assigned to one

of the four different training protocols (see below). Heart rate was used to determine

the exercise intensity. The exercise intensity was based on fixed percentages of the

peak heart rate. The peak heart rate was the maximal heart rate ever measured in an

individual horse during an exercise test until exhaustion.

The four different training protocols, with 3 horses each, consisted of:

group 7 6 bouts of 3 min at 70% interspersed with 4 min a( 60% or" (he peak heart rate

(protoeo/ 6 7 0 0 ; .

group 2. 6 bouts of J m/n at 70% interspersed with •« ruin «if (>()% of the /XMH heart r,ito

combined with 6 interva/s of J mm with a heart rate >90% of the peak heart

rate (protoco/ 6 7 0 6 ; ,

group 3: 3 bouts of 3 min at 85% interspersed with 4 min at 60% of the peak heart rate

fprotoco/ 3_85_0>;

group 4. 3 bouts of 3 min at 85% interspersed with 4 min at 60% of the peak heart rate

combined with 6 interva/s of 7 min with a heart rate >90% of the peak heart

rate fprotoco/ 3 8 5 6 ) .

The different training protocols are schematically represented in figures 7.1 through

7.4.

Each training session was preceded by a 6 min warming-up at 4.5 m/s. The four

different training protocols were performed 3 times a week for a period of 106 days on

a treadmill with an inclination of 6.25%. The days with treadmill training were

interspersed with days on which endurance running at an intensity lower than 60% of

the peak heart rate was performed in a rotary exerciser. In the afternoon of the days

with treadmill exercise the horses performed an exercise bout of 30 min at 1.5 m/s in a

rotary exerciser. In total the horses were exercised for 6 days per week with 1 day

without any exercise. Once a week the speed of the treadmill during the interval bouts

and endurance exercise was adjusted according to the results of training and tests in

order to obtain the desired level of 70 or 85% of the peak heart rate. During the first

three weeks of the experimental period the intensity of the sprints was gradually
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increased to the target level. The horses were fed according to the energy

requirements and individually housed.
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7.3.2 Working procedure

Every day at 8 a.m. the weight of the horses was measured. On training days

the horses were prepared by attaching the safety belt and the belt for the heart rate
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monitor. Two and five minutes after stopping the training a blood sample was taken to

determine the plasma concentration of lactate.

On test days the horse was catheterised and a muscle biopsy was taken from

the gluteus medius muscle (2, 4, 10). The safety belt and the belt for the heart rate

monitor were attached. On the treadmill the ecg-equipment was also attached to the

belt of the heart rate monitor. Blood samples were taken prior to exercise, during the

last 15 s of each step, and 2 and 5 min after finishing the test. Immediately after the

maximal exercise test a muscle biopsy was taken and the temperature was measured.

After that, the horse got a shower, was weighed and put into the housing box. The

tests were performed between 7 a.m. and noon.

7.3.3 Incremental exercise test and data collection

Four incremental exercise tests were done on the treadmill (day 0, day 40, day

71 and day 106). The incremental exercise tests were performed after 1 day of rest.

After a 6 min warming-up at 4.5 m/s, the incremental exercise tests consisted of a 2

min step at a treadmill speed of 2 m/s. Thereafter the speed was increased to 5 m/s

and every 2 min further increased with 1 m/s until exhaustion. Exhaustion was

considered to be reached if despite encouragement, the horse was not able to

maintain the running speed.

During training and during the incremental exercise test the heart rate was

continuously recorded every 5 s by means of the "Sport tester PE3000" (Polar Electro)

and during the incremental exercise tests also by means of an electrocardiogram (ecg)

(Schwarzer CS6000). During the incremental exercise test time to exhaustion was

measured. Since the treadmill had a 6.25% inclination, the power output and the total

amount of vertical work delivered until exhaustion could be calculated.

The power output (Watt) is calculated according to the formula:

power = 9.81 x body weight x speed x s/n a

In this formula body-weight is expressed in kg, speed in m/s, and a is the angle

(degrees) of inclination of the treadmill.

The amount of vertical work (kj) per stage is calculated according to the

formula:
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work = 9.81 x body-weight x speed x duraf/on x sin a

in which duration is the running time (s) at each treadmill speed. The amount ot work

at each speed is summated, resulting in the total amount of work. Only the vertical

component was included.

The relationship between heart rate and power output is described by ttu>

linear relation (HR = heart rate in beats/mm; power = power output in Watt; p

o=intercept;

p,=regression coefficient):

HR = PQ + (1, x power

The relationship between plasma lactate concentration imMI and power output

(Watt) is described by the exponential curve:

/actate = * + B x #•"" "

in which /actate is the plasma lactate concentration (mM), A, B and R are regression

parameters, and power is the power output (Watt).

Changes in the performance capacity were measured as changes in the

regression of heart rate (beats/min) versus power output (Watt), plasma lactate (mM)

versus power output (Watt), the total running time until exhaustion (s), and the total

amount of vertical work until exhaustion (kj).

7.3.4 Measurement of plasma lactate and muscle enzymes

The blood samples were centrifuged in heparinized Eppendorf-cups at 12,000

revolutions per min (8800 g). The plasma was immediately frozen at -20"C and stored

at -80°C. Plasma lactate was determined with a Lactate analyser 640 (La Roche).

Muscle enzymes were determined as indicated in chapter 6.

7.3.5 Measurement of energy-rich phosphates, glycogen and lactate

The metabolic status of the muscular tissue was judged by determination of the

amount of phosphocreatine (PCr), adenosine triphosphate (ATP), adenosine

diphosphate (ADP), adenosine monophosphate (AMP), and inosine monophosphate

(IMP) in biopsies obtained from the gluteus medius muscle. Also the tissue content of

glycogen and lactate was determined.
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The muscle tissue of the biopsy was rapidly frozen in liquid nitrogen. Time

interval between sampling of tissue and freezing was in the order of 5-10 s. The frozen

tissue samples were stored at -80°C. Prior to biochemical analysis the samples were

freeze-dried at -30°C overnight.

Analysis of the tissue content of adenine nucleotides, phosphocreatine,

glycogen, lactate and glucose was performed according to the techniques described in

detail in chapter 6.

7.3.6 Statistics

The experiments were performed in a completely randomised block design.

Blocks were based on performance capacity immediately before the start of the

experiment. In this experiment 12 horses were used.

Analysis was performed, using the Censtat package (6), as described in detail in

chapter 6. Differences were regarded significant at P<0.05. The heterogeneity

between horses proved to be large and blocks did not reduce the experimental error.

7.4 RFSULTS

7.4.1 Acceptance of training protocol and training intensity

The training was, as expected, very well accepted by the horses included in the

study. All the horses could perform the planned number of treadmill sessions, while no

serious health problems were observed during the experimental period. The blood

plasma level of muscle enzymes (CK, AST, LDH) and liver ALT were found to be within

normal ranges and without systematic changes (data not shown).

Analysis of the heart rate recordings revealed that the horses in the groups with

an exercise intensity of 70% of the maximal peak heart rate had actually trained with

an intensity of 73 and 72% of the peak heart rate for no and 6 sprints, respectively.

The groups with nominally 85% of the peak heart rate trained at 87 and 86% of the

peak heart rate for no and 6 sprints, respectively. Heart rates at the end of the 1 -min

sprint exercise were actually at 94 and 96% of the peak heart rate for the groups with

aerobic exercise at 70 and 85% of the peak heart rate, respectively.
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Plasma lactate levels, at the end of the interval training, reached an average

value of 2.5*1.3, 7.1±2.6, 4.3+1.4, and 7.4+4.1 mM in the protocols |6_70_0|,

I6_70_6I, I3_85_0), and |3_85 6], respectively (mean+sd).

7.4.2 Incremental exercise test and plasma lactate

Table 7.1 and 7.2 show the findings of running time until exhaustion and the

amount of vertical work of the different training protocols in the incremental exercise

tests on day 0, 40, 71 and 106.

The results indicate that running time until exhaustion did not change in any of

the four groups during the experimental period. At the onset of the experiment at day

0 no significant differences were found in total running time between the four groups.

At day 40 running time until exhaustion was significantly larger in group |3_85_6| than

in the two groups with an intensity of the aerobic exercise of 70% of the peak heart

rate. At day 106, a significant difference was observed between group |3_85_6| and

group |6_70_6], being a longer time duration in the group with the higher intensity of

the aerobic exercise.

The amount of vertical work until exhaustion showed the same pattern as the

running time until exhaustion, i.e. no change during the experimental period (Table

7.2). Already at the start of the experiment differences between groups of horses

subjected to different training protocols could be seen, with group |3_85_O| at a higher

level than group I 6 7 0 0 ) (Table 7.2). This difference remained at all test days, except

day 71. On day 71 group [ 3 8 5 0 1 showed a level only significantly different from

group [6_70_6]. No consistent patterns were found indicating a different effect of the

sprint exercise if combined with a larger number of aerobic intervals at a lower

exercise intensity than if combined with a lower number of aerobic intervals at a

higher intensity, i.e. 6 intervals at an intensity of 70% of the peak heart rate in stead of

3 intervals at an intensity of 85% of the peak heart rate.

The peak heart rate of the individual horses did not change during the

experimental period. The relationship between heart rate and power output or the

relationship between plasma lactate and power output did not change, either (data not

shown).

151



Chapter 7

Tab/e 7.7 Running time unt/7 exhaustion fe) during the incrementa/ exercise test in the different

exercise profoco/s (meanisd).

protocol

|3_85_O]

|3_85_6|

|6_70_0]

|6_70_6]

0

758123

770139

759123

746132

Day of the experimental period

40

763*y+31

795*143

735yl47

745yl57

71

750146

759156

755114

729144

106

771*yi49

795*158

763*yl53

734yl76

Significant differences CP<0.05) are indicated in the vertica/ direction by the subscripts ».y,

meaning no difference in case of an identica/ /etter fn = 3 in each group; standard error of

difference of means (sed) =2J). No differences cou/d be observed between the different test

days within a part/cu/ar group.

fab/e 7.2 /Amount of vertica/ work unti/ exhaustion (k/J during the incremenfa/ exercise test in

the different exercise protoco/s (meantsd).

protocol

|3_85_0]

[3_85_6|

[6_70_0|

|6_70_6|

0

1528,14

1412,yi15O

1381yl123

1398xyl99

Day of the experimental period

40

1551,129

1464^1167

1304yl184

1388y^l217

71

1512*178

1382*yl219

138O*yl1O2

1351yl113

106

1593,1102

1500xyl229

1421yl219

1388yl148

Significant differences (P<0.05) are indicated in the vertica/ direction by the subscripts , ^ ^

meaning no difference in case of an identica/ /efter fn=J in each group; sed= 72). No difference

cou/d be observed between the different test days within a particu/ar group.
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7.4.3 Biochemical parameters in muscle biopsies.

No differences in the resting values of the tissue content of phosphocreatine,

ATP, ADP, AMP, IMP, and glycogen between day 0 and 106 could be observed in the

four individual groups (data not shown).

Because of the lack of difference between the different training protocols, as far

as biochemical markers are concerned (with the exception of IMP and lactate, see

below), the data obtained in the four groups were combined in an attempt to disclose

a general pattern of the effect of training on muscle glycogen and high energy

phosphate stores. As expected resting muscle values of glycogen significantly increased

during the training period. With respect to the other biochemical parameters no

consistent pattern could be observed (Table 7.3).

Tab/e 7.3 Mean musc/e g/ycogen, energy rich phosphates, and musc/e /actate before the

exerc/se test 0es//ng va/ues; meantsd and sedj. Data ob(d»ied in (he four groups sub/ected to

d/fferenr fra/n/ng profoco/s were poo/ed.

Day of the experimental period

Clycogen

Lactate

IMP

PCr

ATP

ADP

AMP

0

634*1145

13.4174

0.14±0.10

74.8^115.2

25.2*12.9

2.23^10.30

0.12*10.04

40

767*"i137

11.314.4

0.1310.08

81.3*132.4

24.0^13.7

2.27^10.30

0.07^+0.04

71

734^1227

14.915.7

0.2010.17

60.0*120.3

21.8*'±5.9

2.25*10.41

0.08^10.06

106

769"l153

11.516.3

0.0910.09

65.0'"l18.4

23.2^14.4

2.16^10.35

0.11^10.04

sed

66.3

2.05

0.04

5.87

1.52

0.12

0.016

Significant differences fP<0.05> are indicated by (he superscripts ' ' , meaning no difference /n

case or" an ident/ca/ superscript /etter. Data are expressed as n/no//g dry weight (n—72,).
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During the exercise tests characteristic changes in the content of some

biochemical parameters in skeletal muscle tissue were observed (Table 7.4).

Phosphocreatine levels, ATP, and glycogen content dropped during incremental

exercise tests, while IMP and lactate increased. No differences between the four

groups could be found.

7ab/e 7.4 Difference in musc/e content of a variety of biochemica/ parameters measured /n

Wops/es taken before and after the exercise test Cmean+sd and sed). Data obtained in the four

groups sub/ected to different training profoco/s were poo/ed.

Day of the experimental period

0 40 71 106 sed

Glycogen

Lactate

IMP

PCr

ATP

ADP

AMP

247±180

-86.7*136.8

-2.46±1.54

49.6^118.8

6.5615.1

0.0310.57

-0.0210.11

3721225

-87.2*127.3

-2.5612.42

53.4*133.6

8.1617.4

-0.0310.53

-0.0010.07

354+225

-87.8*136.6

-1.5511.26

38.4^124.2

5.3617.3

-0.0210.66

0.0110.08

2211156

-53.2^125.2

-1.4611.19

41.1^122.8

8.51+7.4

0.1310.35

0.00+0.06

79.6

12.32

0.56

6.83

2.73

0.23

0.039

.Sign/7;rant differences CP<0.05J are indicated by the superscripts ' , meaning no difference in

case of" an identica/ superscript /etter. Data are expressed as nmo//g dry weight (n = 72).

The content of ADP and AMP did not consistently change during the exercise tests. In

the pooled data, the decline in tissue glycogen and ATP during the incremental

exercise test was comparable between the different test days. Only the increase in

lactate was significantly less in the last exercise test on day 106. The other compounds

did not show a consistent change during the experimental period (Table 7.4).

In the groups with additional intensive exercise bouts the increase of IMP in

tissue seemed to decline during the course of the experiment (Table 7.5). This effect

reached the level of significance in group [3_85_6| when day 71 and 106 was

compared with day 0 and 40. In both groups with 6 additional intensive exercise bouts
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also the increase in tissue lactate was significantly lower on day 106 as compared with

day 0 (Table 7.6).

Tab/e 7.5 Oi7fiffrnce in /MP content of the musc/e biopsies taJken before and after the exercise

test (meantsd). Dafa obtained in the four groups subjected to different training protoco/s are

shown.

protocol

|3_85_0|

|3_85_6]

[6_70_0]

[6_70_6|

-1

-4

-1

0

.8y,±0

.An

.4y,i1

2«1O

.8

.5

.4

Day

-2.

-4.

-1

-1

of the experimental period

40

7,yl2.1

7^14.0

3ylO.7

5ylO.8

71

-1.311.1

-1.9"11.4

-2.112.0

-0.910.2

-1

- 1 .

-2

-0

106

.610.7

1'1O.2

.811.5

.310.3

Significant differences (P<0.05.) are indicated in the horvonta/ direction by (he superscripts ***,

and in the vertica/ direction by fhe subscripts , , ^ meaning no difference in case of an idenfica/

/etfer. Dafa are expressed as ivnof/g dry weight fn«3 in each group; sed» 1.29).

7ab/e 7.6 Difference in /acfate content of the musc/e biopsies fa/cen before and after fhe

exercise test (mean±sdj. Data obtained in fhe four groups sub/ecfed fo d/ffcrrnf (raining proto-

co/s are shown.

protocol

[3_85_0|

[3_85_6]

|6_70_0)

[ 6 7 0 6 )

0

-73.5^±34.9

-125.9^±7.7

-55.4±39.2

-92.2*123.6

Day of the experimental period

40

-94.4*116.5

-97.4^132.5

-66.7137.4

-90.5*123.3

71

-81.7^144.4

-86.1^151.9

-104.3121.7

-78.9*''140.4

106

-43.8^136.4

-54.2''12O.1

-75.0114.1

-39.8^21.4

Significant differences (P<0.05J are indicated in (he horizonfa/ direction by (he superscripts

*k'S meaning no difference in case of an identica/ /efter. Dafa are expressed as >i/no//g dry

weight fn= j in each group; sed=27.5/
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7.5 DISCUSSION : ~ ^ - . -

Since a previous study (chapter 6) showed that 3 minute bouts of aerobic

exercise increases performance capacity, the objective of the present investigation was

to study whether six or three 3-min bouts of aerobic exercise at 70 and 85% of the

peak heart rate, respectively, combined with an anaerobic component performed as

six 1 -min sprints, could further improve the performance capacity in horses.

Heart rate recordings showed that the intensity of the aerobic work bouts in the

different groups corresponded well with the target intensities of 70% and 85% of the

peak heart rate. Heart rate levels at the end of the 1-min sprint intervals proved to be

well below the maximal possible heart rates. Because the horses appeared to be

fatigued after the exercise including six 1-min sprints, the training intensity was not

increased further. Since plasma lactate levels were available a few weeks after the

exercise was performed this parameter could not be used during the training in

determining the training intensity.

The mean plasma lactate levels at the end of the training bout, which varied

between 7 and 8 mM, indicate an anaerobic contribution to energy delivery during the

interval training. However, compared to the levels seen at exhaustion (ranging from

17.0 ±2.1 to 32.7±2.3 mM) the average plasma lactate levels during training must be

regarded as moderate.

None of the 4 training protocols was able to induce significant changes in

performance capacity. It should be noted that a considerable fluctuation in a range of

2-5% in total running time could be observed within groups at different time points.

These changes did not coincide with changes in blood chemical parameters, such as

creatine kinase, alanine aminotransferase, aspartate aminotransferase and lactate

dehydrogenase, or biochemical markers in muscle tissue. At present, no feasible

explanation for the fluctuations can be offered. It has been shown that also in men

unexplained spontaneous fluctuations in performance occur, whereas the range of the

fluctuations was comparable (9). Therefore, the present data indicate that the

variability of performance in horses is similar to that in men.
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One of the explanations for the absence of consistent changes in performance

capacity could be that the horses were not really untrained at the onset of the

experiment. Until 2 months before the start of this experiment the horses were used

for another training experiment. At the end of the previous study the mean total

running time until exhaustion and the mean total amount of vertical work were 768 s

and 1406 k|, respectively. These values were not significantly different from the

performance parameters measured at day 0 in the present study. In the present study

duration and intensity of the training exercise proved to be insufficient to induce an

improvement of the physical performance capacity. It is feasible that exercise at a

higher intensity and/or of a longer duration is required to induce a further

improvement of performance capacity. However, it cannot be excluded that the

maximal performance capacity for each individual horse had already been reached

due to the training in the previous study.

It is interesting to note that between the end of the study described in chapter 6

and the start of the present exercise protocol, the performance capacity did not

decrease significantly. So, in these horses a period of about 2 months of low-intensity

exercise had no adverse effect on their performance capacity. This seems to be in line

with the results of Erickson et al. (3) who found no changes in heart rate and plasma

lactate levels at a given speed after a period of detraining and retraining. Also Foreman

et al. (5) found no change in plasma lactate levels after a 5-week period of detraining.

Both investigators used horses that were trained before.

With respect to the content of biochemical parameters in biopsies obtained

from the gluteus medius muscle no major changes were found in any training protocol

at the different time points. When the data of the 4 protocols are pooled and

compared at different time points the conclusion can be drawn that glycogen levels

increased during the training protocol. This increase indicates an adaptation of the

intracellular carbohydrate store to exercise training. No consistent change in the tissue

content of the other biochemical parameters was observed throughout the training

period. The tissue content of glycogen significantly decreased during the incremental

exercise test, indicating a substantial contribution of the endogenous carbohydrate
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store to the energy converting processes. The observation that the amount of glycogen

used was independent of test day and exercise protocol indicates that this particular

part of skeletal muscle energy metabolism is not influenced by the training protocols as

applied in the present study. Moreover, the decline of phosphocreatine and ATP

during the exercise test was also independent of test day and exercise protocol. The

latter findings suggest that the energy deficit is comparable between the various

protocols applied. Taking into account that running time till exhaustion and amount of

vertical work did not change either, the conclusion can be drawn that overall chemical

energy conversion did not improve as a consequence of the various training protocols.

In this respect it is of interest to note that in the two groups with six additional

intensive exercise bouts during the training session, the increase in tissue lactate and

IMP was found to be less at day 106 than at the start of the experiment. This finding

(«in be explained in two ways: either less lactate and IMP is produced or lactate is

more rapidly released to the extracellular space and IMP more efficiently metabolised

to (oxy)purines, which are in turn released to the interstitial and vascular compartment.

At present no choice can be made between the two alternative explanations. Since

both lactate and IMP exert an adverse effect on muscular contractile function (7), a less

pronounced accumulation of the two metabolic compounds may be beneficial for

performance capacity during a strenuous exercise bout. However, the earlier

mentioned findings on running till exhaustion and amount of vertical work do not

favour the notion that a lower level of lactate and IMP has great impact on muscle

function under the present experimental conditions.

In conclusion, the results of this study suggest that training protocols consisting

of aerobic intervals combined with six 1-min sprints resulting in plasma lactate levels of

7-8 mM, are not sufficient to realise a further increased performance capacity.

However, as a result of a previous study, the horses were relatively well trained at the

start of this experiment. The moderate exercise intensity is probably the most

important factor in explaining the lack of significant changes. So, in practical horse

training, exercise of long duration and of an intensity resulting in plasma lactate levels

below 10 mM is most likely ineffective in improving the metabolic capacity. Exercise of
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higher intensity, resulting in plasma lactate levels above 10 mM. will be necessary to

realise the maximal performance capacity of horses (see also chapter 5}.
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Effects of three and six 1-min anaerobic exercise bouts, added to continuous aerobic

training, on the performance capacity of horses
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8.1 ABSTRACT

7we/ve two-year-o/d Standardbred trotter stations were used to investigate the

e/ifect of 3 or 6 anaerobic exercise bouts, added to continuous aerobic exercise, on

performance capacity, as determined in an incrementa/ exercise test on a treadm///.

The horses were random/y assigned to three groups. Group 7 performed

continuous aerobic exercise at an intensity of 60% of the peak heart rate. Croup 2

performed in addition to the continuous exercise three l-min anaerobic sprints at an

intensity of >90% of the peak heart rate, and group 3 performed in addition to fho

continuous exercise six J-min sprints at an intens/ty of >90% of the peak heart rate.

The 7-min sprints were interspersed with 4-m/n periods of exercise at 60% of the peak

heart rate. /bta/ exercise time was 26 min for a// groups.

fvery third week the horses performed an incrementa/ exercise test on a treadmi//

unt/7 exhaustion. Changes in the performance capacity were eva/uated from possib/e

changes in the regression equations of heart rate versus power output, and of p/asma

/actate versus power output, in the (ota/ running time, and in the lota/ amount of

vertica/ work.

During the first 6 weeks a significant increase in tola/ running time and tota/

amount of vertica/ work, was attained in a// groups regard/ess of (he number of

anaerobic exercise sprints performed per work bout during the training sessions. The

increase of performance capacity /asted unt/7 the end of the experimenta/ period f— 75

weeks,) on/y in the group with 6 sprints, /rrespective of the number of intensive exercise

bouts, a tower p/asma /actate at a given power output was seen after the training

period. No changes in the re/ationship between heart rate and power output were

observed.

Ske/eta/ musc/e g/ycogen /eve/s transient/y increased during the training period.

The tissue content of pnospnocreatine at rest showed a steady dec/ine. During the
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exercise test no consistent changes were found in the changes of energy-rich phosphates

and re/ated compounds.

/n conc/usion, endurance training at 60% of the peak heart rate for 42-64 days

increased performance capacity in an exercise test. Adding three or six 7-min exercise

bouts at >90% of the peak heart rate to the endurance training did not further increase

exercise capacity. However, the data of the present study suggest that in order to

maintain a higher /eve/ of fitness for up to 706 days endurance training on/y or with

three high intensity 7-min bouts per session was not sufficient. Six additiona/ periods of

7-min duration were required to maintain the work capacity at the acquired /eve/.
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8.2 INTRODUCTION

In horse races, which commonly last between 2 and 4 min, muscle energy

conversion relies on both aerobic and anaerobic metabolism (2, 8, 9). The training

intensity is an important factor for improving both aerobic and anaerobic

performances. For improvement of the aerobic capacity exercise with an intensity i

70% VO2m» should be included in the training program (9). Anaerobic training

requires exercise with an intensity varying from >90% of the maximal heart rate to all-

out exercise (9). Therefore, training programs for horses participating in 2-4 min

contests preferably includes also anaerobic exercise (8).

Anaerobic training can be performed either in one single, short, race-like type

of exercise, resulting in fatigue within 2-3 min, or in repeated bouts of heavy, near

exhaustive, exercise of shorter duration, usually referred to as interval training. By using

interval training the total amount of high-intensity exercise until fatigue can be

increased (9).

In horses, neither the optimal number of high intensity exercise bouts nor the

optimal exercise intensity for a maximal improvement of performance capacity has

been determined experimentally. In a previous study (chapter 7) it was found that

intermittent aerobic exercise combined with 6 anaerobic sprints was not able to

increase performance capacity. However, this may have been attributed to the

relatively high state of training at the beginning of the experiment. Therefore in the

present study horses with a low training status were used. The aim of this investigation

was to study the effect of low intensity endurance training (60% of the peak heart rate)

to which three or six high-intensity 1-min bouts are added. Endurance capacity was

measured in a incremental exercise test on the treadmill. To obtain insight into the

physiological basis of possible changes in performance capacity, as determined in the

incremental exercise test, a number of physiological and biochemical variables was

measured, such as plasma volume, red blood cell volume and, in muscle biopsies,

glycogen, lactate, energy-rich phosphates and related compounds (12).
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8.3 MATERIAL AND METHODS

8.3,1 Horses and training

Twelve 2-year-old Standardbred trotter stallions entered the study after being

housed at the experimental farm for a period of almost 1 year. During this year the

horses were accustomed to the treadmill and the rotary exerciser, while only exercise

with an intensity below 60% of the peak heart rate was performed. In this sense the

horses can be considered as untrained. In a randomised block design the horses were

assigned to one of three different training protocols. Heart rate was used to determine

the exercise intensity. The exercise intensity was based on fixed percentages of the

peak heart rate. The peak heart rate was the maximal heart rate ever measured in the

individual horse under investigation during an exercise test until exhaustion.

The three different training protocols consisted of:

/. group 50: endurance exercise at an intensify of 60% of the peak heart rate during 26 mm

(Fig. 8.U-

2. group S3: 3 bouts of ) m/n at >90%, interspersed w/t/i 4 min at 60% of the peak heart rate-

after the /ast sprint exercise at an intensity of 60% of the peak heart rate was continued unt/7

a fofa/ of 26 m/n of exercise was comp/eted (fig. 8.2>;

3. group S6. 6 bouts of 7 m/n at >90% interspersed with 4 min at 60% of the peak heart rate

(Fig. 8.3;.

Each training session was preceded by a 6-min warm-up at 4.5 m/s. The three

different training protocols were performed 3 times a week for a period of 106 days on

a treadmill with an inclination of 6.25%. In the afternoon of the days with treadmill

exercise the horses performed also an exercise bout of 30 min at 1.5 m/s in a rotary

exerciser. The days with treadmill training were interspersed with days on which only

endurance running at an intensity between 40% and 60% of the peak heart rate was

performed in a rotary exerciser. The horses were exercised 6 days per week with 1 day

rest.
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100 i Exercise intenaty(%oi
the peak heart rate)

80

60

40

20

Warming-up

30 350 5 10 15 20 25

Duration or the work bout imim

Fig. 8.7 fxerrise profoco/ of group SO The horses performed on/y endurance exercise .if .in

wrtensify of 60% of (he pea/c heart ra(e during a period of 26 min.

t xercise intensity (% of
100 -ithe peak heart rate)

80 •

60

40 -

20

Warming-up

10 15 20

Duration of the work bout (mm)

25 30 35

f/g. 8.2 fxerc/se prxXoco/ of group S3. This group performed (hree 7-m/n sprints w/(h endurance

exerc/se a( an /ntens/ty of 60% of the pea/c heart rate f/'// a tota/ duration of (he wor/c bou( of 26

m/n. The sprints were interspersed w/th 4-min endurance exerc/se a( an /'n(ens/(y of 60% of (he

pea/c heart ra(e.
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Exercise intensity 1% of
100 i the peak heart rate)

80

60

40

20

Warming-up

10 15 20

Duration of the work bout (min)

25 30 35

Fig. 8.3 fxerc/se protoco/ of group S6. fh/s group performed six 7-min sprints with a 'ofa/

duration o/" (r»e wor/c bout o/" 26 m/n. Ahe spr/rtfs were /nferspersed with 4-min endurance

exercise a( an intensity of 60% of the peak heart rate

Once a week the speed of the treadmill during the interval bouts and endurance

exercise was adjusted according to the results of training and tests in order to obtain

the desired level of the peak heart rate. The horses were fed according to the energy

requirements and were individually housed.

Every day at 8 a.m. body weight was measured. On training days the horses

were prepared by attaching the safety belt and the belt for the heart rate monitor. Two

and five mins after stopping the training a blood sample was taken to determine the

plasma lactate concentration.

8.3.2 Incremental exercise test

On test days the horses were calheterised and a muscle biopsy was taken from

the gluteus medius muscle prior to the exercise test (3, 4, 8). The safety belt and the

belt for the heart rate monitor were attached and. when the horse was standing on the
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treadmill, also the ecg-equipment was attached to the belt of the heart rate monitor.

Blood samples were taken prior to the exercise test, during the last 15 s of each step

and 2 and 5 min after finishing the test. Immediately after the test 15 ml 2% Evan's

Blue dye was injected (thereafter the catheter was washed with 5 ml physiologic saline

solution), a second muscle biopsy was taken and the rectal temperature was measured.

After that, the horse got a shower, was weighed and put into the housing box. Fifteen

mins after the Evan's Blue injection a blood sample was taken to determine the plasma

volume. The tests were performed between 7 a.m. and noon.

Six incremental exercise tests were done on the treadmill during the

experimental period (day 1, 21, 42, 64, 84 and 106). The incremental exercise tests

were performed after 1 day of rest. After a 6-min warming-up at 4.5 m/s, the

incremental exercise tests consisted of a 2 min step at a treadmill speed of 2 m/s.

Thereafter the speed was increased to 5 m/s and every two min further increased with

1 m/s until exhaustion. Exhaustion was considered to be reached when, despite

encouragement, the horse was not able to maintain the running speed.

8.3.3 Data collection

During training exercise and during the incremental exercise test the heart rate

was continuously recorded every 5 s by means of the "Sport tester PE3000" (Polar

Electro) and during the incremental exercise tests also by means of an

electrocardiogram (ecg) (Schwarzer CS6000). During the incremental exercise test time

to exhaustion was measured. Since the treadmill had a 6.25% incline, the power

output and the total amount of vertical work (kj) delivered until exhaustion could be

calculated.

The power output (Watt) is calculated according to the formula:

power = 9.81 x body we/g/ii x speed x s/n a

In this formula body-weight is expressed in kg, speed in m/s, and a is the angle

(degrees) of inclination of the treadmill.
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The amount of vertical work (kj) per stage is calculated according to the

formula: ^ V

work = 9.81 x body-weighf. x speed x durat/on x sin a

in which duration is the running time (s) at each treadmill speed. The amount of work

at each speed is summated, resulting in the total amount of work. Only the vertical

component was included.

The relationship between heart rate and power output is described by the

linear relation (HR = heart rate in beats/min; power = power output in Watt; p

o=intercept;

P, = regression coefficient);

HR = Pn + P, x power

The relationship between plasma lactate concentration (mM) and power output

(Watt) is described by the exponential curve:

/actate = A + S x * " " "

in which /actate is the plasma lactate concentration (mM), A, B and R are regression

parameters, and power is the power output (Watt).

Changes in the performance capacity were measured as changes in the

regression of heart rate (beats/min) versus power output (Watt), plasma lactate (mM)

versus power output (Watt), the total running time until exhaustion (s), and the total

amount of vertical work until exhaustion (k)).

8.3.4 Measurement of plasma lactate and muscle enzymes

The blood samples were centrifuged in heparinized Eppendorf-cups at 12,000

revolutions per min (8800 g). The plasma was immediately frozen at -20°C and

subsequently stored at -80°C. Plasma lactate was determined with a Lactate analyser

640 (La Roche). The activity of muscle or liver enzymes (CK, AST, ALT, LDH) in blood

plasma was determined as indicated in chapter 5.
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8.3.5 Measurement of plasma volume and red blood cell volume

The blood sample was centrifuged during 10 min at 2,000 revolutions per min.

The resulting plasma was centrifuged again during 30 min at 12,000 revolutions per

min and frozen at -20°C. The frozen samples were stored at -80"C. The plasma volume

was calculated according to:

where PV is the plasma volume in ml, EB the amount of injected Ivan-, blue dye in mg,

and C the concentration of the dye in mg/ml plasma.

The normalised red blood cell volume is:

(100- Hc/)>

where CV is the red blood cell volume in ml/kg, PV the plasma volume in ml and Hct

the venous hematocrit (%). Body weight is expressed in kg.

8.3.6 Measurement of energy-rich phosphates, glycogen and lactate

The metabolic status of the muscular tissue was judged by determination of the

amount of phosphocreatine (PCr), adenosine triphosphate (ATP), adenosine

diphosphate (ADP), adenosine monophosphate (AMP), and inosine monophosphate

(IMP) in biopsies obtained from the gluteus medius muscle. Also the tissue content of

glycogen and lactate was determined.

The muscle tissue from the biopsy was rapidly frozen in liquid nitrogen. Time

interval between sampling of tissue and freezing was in the order of 5-10 s. The frozen

tissue samples were stored at -80"C Prior to biochemical analysis the samples were

freeze-dried at -30°C overnight. The content of PCr, adenine nucleotides and related

compounds, glycogen, lactate and glucose was determined as described earlier (11,

13, 14, 16). Details of the analytical techniques are given in chapter 6.
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8.3.7 Statistics

The experiment was performed in a completely randomised block design.

Blocks were based on performance capacity immediately before the start of the

experiment. Analysis was performed, using the Censtat package (6), as described in

detail in chapter 6. Differences were regarded significant at P< 0.05.

8.4 RESULTS

6.4.1 Acceptance of the exercise protocol and training intensity

The horses accepted the training protocol very well. One horse could not sustain

the training protocol because of lameness due to osteorthritis, probably enhanced by a

fracture in early life as a foal (group S6). The other horses all performed an equal

number of training sessions on the treadmill, except one horse which could not perform

4 sessions because of suspected lameness (group S3). No serious health problems were

observed during the experimental period. The plasma activity of creatine kinase,

aspartate aminotransferase, alanine aminotransferase and lactate dehydrogenase proved

to be within normal ranges and were without systematic changes (data not shown).

Analysis of heart rate recorded during training revealed that the horses actually

reached 95% and 96% of the peak heart rate at the end of the 1 -min sprint exercise

bouts in the groups with 3 and 6 sprints, respectively.

Lactate levels in blood plasma, obtained immediately after the exercise bouts on

training days, showed an average of 2.6+1.1, 8.8 ±3.5 and 9.6±3.6 mM in the groups

without sprints, and with 3 and 6 sprints, respectively.

8.4.2 Incremental exercise tests

Performance capacity, expressed as total running time until exhaustion,

increased transiently in group SO and S3 during the training period (Table 8.1). The

group with only endurance running (SO) and the group with endurance running plus 6

intensive exercise bouts (S6) showed a significant increase during the course of the
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training period from day 42 on. The highest absolute values were observed during the

incremental exercise tests performed on day 64. 64, and 84 in the groups with 0, 3,

and 6 sprints, respectively. In the groups without sprints and with 3 sprints the values of

running time until exhaustion returned to pre-training values thereafter. In the group

with 6 sprints the value of this parameter remained at the elevated level until the end ot

the training period (day 106).

Comparable findings were obtained during the incremental exercise tests with

the exercise performance parameter total vertical work until exhaustion with a

significant increase on day 42 in the groups without and with 6 sprints (Table 8.2). The

highest increase during the incremental exercise tests was observed in these groups on

day 64. Thereafter, total vertical work until exhaustion returned to values observed on

day 0 of the training protocol in the groups without and with 3 sprints. In the group

with 6 sprints, work until exhaustion remained at a higher level than on day 0. The

group with 3 sprints demonstrated a transient increase on day 42 and day 64, which

did not reach the level of significance. On day 84 and 106 a significant difference was

present between the groups with 6 and 3 sprints (Table 8.2, Fig. 8.4).

When heart rate during each step of the incremental exercise test was plotted

against power output no change in the relationship between the two parameters was

observed. This was the case for all three training protocols (data not shown).

When the plasma lactate levels were plotted as a function of power output

measured during the incremental exercise test, a lower plasma lactate level at a given

power output was observed during the training period, irrespective of the number of

intensive exercise bouts applied during the training protocol (Fig. 8.5, 8.6 and 8.7).

During the training period, plasma volume expanded significantly (Table 8.3).

There were no significant differences between the three groups under investigation.

Red blood cell volume increased during the first three weeks of the training period in

the groups without and with 6 sprints (Table 8.4). Thereafter it returned to values not

significantly different from values measured on day 0. No differences between the three

groups of horses were observed.
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Day of the experiment

fig. 8.4 Mean amount of vert/ca/ work unt/7 exhaustion for the experimenta/ groups at the

different test days. The va/ues are expressed as fa/o/ou/es (k/). The group w/th 3 sprints

demonstrated a transient increase on day 42 and day 64, wh/ch did not reach the /eve/ of

significance. On day 04 and 706 a significant difference was present between the groups w/th 6

and J sprints.
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fig. 8.5 Mean p/asma /actate /eve/s of the horses in group SO at day 0 and day T06. The

d/fference between test days proved to be significant (significant d/ffipnent regress/on parameters

to fit the re/ationsriip).
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F#. 8.6 Mean p/asma /actate /eve/s of the horses in group S3 at day 0 and day J06. The

difference between test days proved to be significant (significant different regression parameters

to fit the re/at/onship,).
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Fig. S.7 Mean p/asma /actate /eve/s of the horses in group S6 at day 0 and day 706. The

difference between test days proved to be significant (significant different regression parameters

to fit the re/ationship/
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8.4.3 Biochemical parameters in muscle biopsies

Analysis of the biochemical parameters in muscle biopsies showed no consistent

and physiologically significant differences between the three exercise protocols.

Therefore, the results were pooled (Table 8.5 and 8.6).

The tissue content of phosphocreatine showed a decline during the course of

the training program (Table 8.5). The tissue content of ATP remained constant

throughout the training period. The tissue level of both ADP and AMP showed a small,

but statistically significant transient increase during the course of the training period

(Table 8.5). No consistent pattern could be observed with respect to the tissue content

of IMP during the training program. The content of glycogen in the gluteus medius

muscle transiently increased during the training period with a peak on day 64 after the

start of the exercise protocol (Table 8.5). Thereafter, tissue levels of glycogen were not

significantly different from the values measured on day 0. The tissue lactate

concentration was found to vary significantly during the training period with the lowest

level on day 64 (Table 8.5).

During the incremental exercise test the content of phosphocreatine declined

(Table 8.6). Although significant differences in the magnitude of the decline were found

between test days and between the different groups, no consistent, physiological

meaningful pattern could be identified. The same holds for the decline in tissue ATP

content during the test. Tissue ADP and AMP remained virtually unchanged during the

exercise tests (Table 8.6). In contrast, the level of IMP in the gluteus medius musde

significantly increased during the exercise test (Table 8.6). There was a tendency for a

more pronounced accumulation of IMP on days 42 and 64 as compared to earlier and

later test days.

Muscle glycogen content significantly decreased during the incremental exercise

test (Table 8.6). Significant differences in the magnitude of the decline were present

both within one group (day to day differences) and between groups (data not shown).

However, no consistent and meaningful pattern in these differences could be identified.
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The increase in tissue lactate during the incremental exercise test was present in

all groups investigated (Table 8.6). The pooled data show a rather constant increase of

tissue lactate levels throughout the whole experimental period (Table 8.6).

With respect to these metabolic parameters measured in biopsies of skeletal

musde, no significant differences in pattern between the three groups of investigation

on corresponding test days could be observed (data not shown).

8.5 DISCUSSION

The major objective of the present study was to investigate the effect of three

and six 1 -min anaerobic interval bouts added to endurance running at 60% of peak

heart rate on performance capacity in the horse. The exercise intensity was controlled

by means of the heart rate registration (1), aiming at a level >90% of the peak heart

rate.

In general, the present study indicates that endurance training consisting of 26

min endurance exercise at 60% of the peak heart rate for 3 times a week, resulted in a

significant improvement of physical performance capacity. The exercise intensity of

60% of the peak heart rate is approximately equivalent with an intensity of 40% of

maximal oxygen uptake (5). Both total running time until exhaustion and total amount

of vertical work delivered until exhaustion, measured during incremental exercise tests,

increased from day 0 till day 64 of the training period by 4-11% and 7-16%,

respectively. This is in contrast with the general assumption that performance capacity

can only be improved with an exercise intensity above 70% V O ^ (9). This finding is of

practical relevance because starting the training with a relatively low intensity does

increase performance capacity in the one hand, and probably helps to prevent exercise

injuries on the other. Adding three or six 1-min intensive exercise bouts to the

endurance training protocol did not result in a further improvement of physical

performance in the incremental exercise test during this period of time.
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However, prolongation of the training protocol up to 106 days showed that physical

performance assessed by the incremental exercise tests declined to pre-training levels in

the groups without sprints and with three intensive exercise bouts. In the group with six

intensive, anaerobic exercise bouts this decline in performance capacity at the end of

the training period was not observed. Although no clear explanation for the decline in

test performance can be given, it is possible that the stimulus consisting of zero or 3

sprints became physiologically less effective for maintaining the performance capacity.

The data suggest that 6 bouts of intensive exercise were able to provide a sufficient

stimulus to maintain performance capacity at the same level. It is suggested that

exercise of low intensity elicits only some initial improvement in physical performance

capacity, but for maintenance and/or a further development of the physical

performance capacity a higher intensity and volume is necessary. It is of interest to note

that Weltman et al. (15) observed a similar phenomenon in female athletes subjected to

training at and above the lactate threshold.

One might argue that the decline in performance of the groups without and with

3 intensive exercise bouts was a sign of overtraining. However, this explanation is

unlikely since this effect was absent in the group with 6 intensive exercise bouts, the

group of horses with the highest training volume. In addition, other signs of

overtraining, such as a lowered food intake, a decrease in body weight, irritability or

stiffness, were not observed.

In all groups a lower plasma lactate level at a given power output was observed.

This indicates that training with a predominant aerobic character, as in protocol SO, is

sufficient to improve the capacity of aerobic energy production in originally untrained

horses.

The gradual increase of plasma volume, as seen during the whole experimental

period, is corroborating the findings of Knight et al. (7). McKeever et al. (10), however,

found a faster increase of plasma volume in the first weeks of a training program. This

may be explained by a lower training status of the horses involved in the study of

McKeever et al. (10), which is supported by a lower plasma volume at the start of the
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experiment (16 litre in the study of McKeever et al. (10) vs. 23 litre and 22 litre in the

study of Knight et al. (7) and the present study, respectively).

In contrast to plasma volume, red blood cell volume increased only in the first

three weeks of the experiment in the groups without and with 6 intensive exercise

bouts. These data suggest that regular low-intensity exercise is sufficient to elicit an

increase in red blood cell volume. It is unclear to what extent changes in red cell

volume are associated with changes in performance capacity.

The pattern of improvement of physical performance in incremental exercise

tests was not associated with changes in the resting tissue content of the most relevant

high-energy phosphates in m. gluteus medius (phosphocreatine, ATP). Interestingly,

glycogen levels showed a transient increase during the course of the training period in

the three groups studied. It is unlikely that the alterations in the tissue carbohydrate

store offers a feasible explanation for the differences in work capacity between the

three groups of horses at the end of the training program.

Improvement of physical exercise during the incremental exercise test might be

related to the specific changes in metabolic components in gluteus medius muscle that

occur during the test The findings of this study strongly suggest that in horses, subjected

to an intensive anaerobic training protocol, a high level of work output can be

maintained without excessive loss of tissue high-energy phosphates and glycogen. This

finding suggests that the metabolic energy conversion keeps pace with improvement of

physical performance capacity at the end of the experimental period.

In conclusion, endurance training at 60% of the peak heart rate transiently

increased performance capacity in an exercise test Adding three or six 1-min exercise

bouts at >90% of the peak heart rate did not further increase exercise capacity.

However, the data of the present study suggest that in order to maintain a higher level

of fitness for several months three 1-min high-intensity exercise bouts per training are

not sufficient
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9.1 GENERAL DISCUSSION

The main purpose of the present study was to investigate in horses the effect of

various training protocols and types of training on physical performance capacity. Horse

races involve exercise bouts of a duration varying mostly between 1 and 10 min. Such

exercise intensities are equivalent to approximately 100-120% V O ^ (McArdle et al,

1996). Therefore VO^^, as well as anaerobic power are important requirements for

success in races. Consequently, horse training should involve endurance running to

increase and maintain general aerobic endurance, and high intensity intermittent

exercise to enhance VO^^, and anaerobic power.

In most of the studies presented in this thesis, in which different training

protocols were compared, the number of animals in each experiment was rather

limited. The reason for the relatively small number of animals in each group was a

practical one. All the training and testing had to be done during normal working hours

during daytime while only one treadmill and a limited time span was available. To

overcome a possible drawback of the limited number of horses a randomi/ed block

design was chosen and rather conservative statistical techniques were used.

One of the key procedures used in the present series of studies was measuring

physical performance capacity under standardized conditions. For this purpose, an

incremental treadmill test until exhaustion was used in which each 2 minutes the

workload was increased. One reason for using this test protocol was to be able to

compare the data from this study with those from the Swedish research group who

used a comparable protocol (14). Another reason for choosing stages of two minutes

was that we wanted to obtain steady state conditions at each stage as far as heart rate

and plasma lactate concentration were concerned. In contrast to our study, other

authors have used steps of one minute in tests to obtain information about the

relationship between heart rate and plasma lactate concentration (4, 6, 8, 16). Knight et

al. (1991) used a mixed protocol with steps of 3 and 1 minute, while Calloux et al.

(1995) applied 3 minute steps in studying lactate kinetics. Most cardiorespiratory

variables will be dose to steady state after 1 minute (5, 15). However, in humans as

well as in horses plasma lactate levels will require 2-3 minute to reach a steady state (5,

12, 15). Therefore, two minute steps fulfilled the requirement that steady state

conditions for heart rate and plasma lactate concentration should be obtained.
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In the exercise test, as used in the present study, a 6.25% incline was used. This

choice was made because using an incline will reduce the maximal running speeds and

consequently the risk of self inflicted injuries at high speeds. For the same reason also in

training exercise an incline of 6.25% or 10% was used. In addition, the application of

an incline has the advantage that it enables one to calculate delivered vertical work and

power output (3).

In the present study maximal running time (s) and total amount of work (kj)

during the incremental treadmill test have been used as parameters for physical

performance capacity. This choice was made because no specific tests were available to

test aerobic and anaerobic capacity separately. Although at present no better laboratory

tests are available, it may be questioned in as much these parameters reliably and

specifically reflect competitive physical performance capacity. It has been demonstrated

in humans that the power output at V O ^ is a better indicator for endurance capacity

than VO,,,,^ itself (9). Therefore, as the exercise protocol was the same each time, the

maximal running time is to be considered as a good indicator for endurance capacity.

In humans it has been shown that a time trial test is a valid indicator for endurance

capacity (1, 10). Also in horses, a practical approach would be to conduct time trials

on the track lasting 3-6 min. However, a time trial on an outdoor track can hardly be

standardized because of different and uncontrollable environmental and track

conditions, while taking samples during the test is more complicated or even impossible

compared to a test on a treadmill (15). Therefore we decided that an indoor treadmill

test would be the best acceptable approximation to assess performance capacity and

changes therein.

In a number of the separate studies from this thesis significant changes in

physical performance capacity have been observed. In some other cases small and

statistically insignificant changes were found. However, even under standardized

conditions, a certain unexplained variability in physiological response to exercise has to

be anticipated. Kuipers et al. (1985) showed in man, who were repeatedly tested on a

cycle ergometer, that the magnitude of the variability in maximal aerobic performance

was approximately 5%. In addition, the magnitude of the variability may differ between

individuals. This kind of variation has also to be taken into account in horses.

In most of the present studies an improvement of the performance capacity

measured as total work-output was found. The data obtained do not allow to

determine to what extent the improvement was caused by a change in aerobic or
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anaerobic capacity. One of the key parameters to be able to answer this question

would have been direct measurement of the maximal oxvgen uptake (VO..,,«,) and the

maximally accumulated oxygen deficit i2. 13, 15). Because of technical limitations

these parameters could not be measured in the present experimental setup. However,

the incremenul treadmill test as used in the present study includes an aerobic as well as

an anaerobic component.

For training practice proper training is important. Often heart rate is used as an

indicator for exercise intensity. The present study confirmed that heart rate can be used

as an indicator for the exercise intensity. As long as the target heart rate does not

exceed 230 beats/minute, a "Sport tester" can be used for training purposes. This is

usually applicable in endurance training and interval training at submaximal (lower than

100% of the maximal oxygen uptake) intensity. However, when higher maximal heart

rates are to be expected, heart rate measurements should be done with other types of

heart rate monitors. In practice it may be often the case that proper equipment for

measuring maximal heart rates is lacking. The present study has shown (chapter 3) that

it is possible to estimate the maximal heart rate by measuring heart rate and plasma

lactate concentration at different submaximal speeds. By using an algorithm in which

the input parameters are plasma lactate concentration and heart rate assessed during

more than 5 submaximal workloads, the maximal heart rate can be estimated with an

acceptable accuracy. In the present training studies certain percentages of the maximal

heart rate (relative heart rate) were used (3). Since the algorithm for estimating maximal

heart was applied in a retrospective way, no further tests have been conducted in the

other experiments described in this thesis to investigate whether the measured peak

heart rate was the maximal attainable heart rate under physiological conditions.

An important aim of the present study was to search for markers that are

indicative of overtraining and staleness in an early stage (chapter 4). One of the

interesting findings was that it remains difficult to diagnose overtraining in an early

stage. In spite of the large number of variables measured and of the frequency of the

measurements, the first signs of overtraining syndrome were not of physiological origin

but of behavioral nature, i.e., reluctance to exercise, increased irritability, and lower

food intake. None of the measured blood chemical variables could be identified as a

sensitive and early marker of overreaching and staleness. The same holds for

biochemical parameters measured in biopsies of the exercising leg muscle. None of the
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alterations in the tissue content of high-energy phosphates and related compounds and

of glycogen could be used as a reliable indicator of imminent overreaching and

staleness. The consequence of this observation is that at present horse trainers have to

rely more on behavioral characteristics than on laboratory measurements as support for

prevention of overreaching and staleness. In addition, the horses were not able to

perform the exercise work bouts. However, this observation in the laboratory situation

is of limited value for practical horse training, because of the difficulty to use

standardized training protocols in the field. Another significant finding was that

overtraining was not seen as long as the intensive training sessions were alternated with

light exercise at the following day (chapter 4). For sport practice this emphasizes the

importance of alternating high intensity and low intensity training bouts.

Other studies in this thesis have been devoted to investigate the effect of

different combinations of endurance training and interval training. For this purpose the

effect of the number of repetitions of the high intensity exercise (chapter 8) as well as

the intensity of the interval bouts was studied (chapter 6, chapter 7) was studied.

It was shown that various combinations of endurance and high intensity exercise

have a positive effect on performance capacity. Although endurance training is an

important basic component in the training program, the results of the present study

demonstrate that high-intensity exercise has to be performed in order to further

increase performance capacity. Considering the results of the various studies in which

different combinations of endurance running plus intermittent high intensity exercise

bouts were used, the conclusions can be drawn that high intensity aerobic exercise of

- 3-4 times three minutes at an intensity of - 9 0 % of the peak heart rate and anaerobic

exercise 6 times 1-minute at an intensity above the V O j ^ , is necessary to exploit

performance ability to its full capacity. The results of this study indicate that high

intensity aerobic exercise ( -90% of the peak heart rate) is preferred above exercise of

lower intensities. It is assumed that this is caused by inducing changes of the red cell

volume and on the energy converting pathways in the muscle that are involved in the

exercise. In practice it is always advocated that high intensity exercise should be

preceded by a period of low intensity endurance training. Although such a training

protocol has not been experimentally investigated in full detail, it should be mentioned

that also in the present study a period of endurance running preceded the period with
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exercise at a higher level (i.e., a combination of aerobic and anaerobic exercise;

chapter 5). However, this procedure is still ratfier based on tradition than on

experimental data.

Since performance capacity did change by various combinations of endurance

plus intermittent high intensity exercise, this must have a physiological basis. The

increase in performance could partly be explained by increases in red cell volume.

Muscle biopsies were taken to look for possible biochemical adaptations to the \anous

training protocols. In the present study muscle glycogen and energy-rich phosphates

were determined. Other indices such as buffer capacity and some key enzymes like

citrate synthase were not determined because of practical limitations. In general,

skeletal muscle glycogen levels in the rested muscle increased during the course of the

different training protocols applied. In this respect, no physiologically significant

differences could be observed between the training protocols. A common observation

was the decline in tissue ATP, phosphocreatine and glycogen during the maximal

exercise test, indicating that skeletal muscle energy conversion is seriously challcngi'd

during the performance tests. The observation that, in general, the type of training did

not alter the extent of these changes in high-energy phosphates and glycogen suggests

that skeletal muscle energy metabolism adequately adapts to the increased demand of

energy during the course of the experimental protocol as in most protocols physical

performance showed a significant improvement. In cases that no physical improvement

could be detected, it cannot be excluded that an incomplete adaptation of muscle

energy metabolism is (partly) responsible for the observed lack of enhanced exercise

performance (chapters 5-8).

A remarkable and intriguing finding of the present study is that performance

capacity in the horses used in the present study could be maintained at an elevated

level for several months by a light training intensity of 60% of the peak heart rate

(chapter 7). This is of practical relevance because trainers are generally reluctant to

lower the training frequency of the training intensity because they are afraid of

performance loss. The present study indicates that this assumption may not hold. It is

possible that this does not hold for maintaining maximal performance capacity, but only

to keep moderately increased performance capacity above a basal untrained level. The

present study also showed that intensive training programs could be conducted without

the occurrence of overuse injuries as is often encountered in race horse training. It is
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conceivable that this was attributed to the lower running speed by the inclination of the

treadmill, to the carefully designed training protocol with gradual increases in training

intensity and volume and to the standardized warming-up procedure.

Several findings of the present study have relevance for practical horse training,

such as:

• Heart rate can be used as an indicator for exercise intensity.

• When only submaximal heart rates can be measured, maximal heart rate can

accurately be estimated using an algorithm with submaximal plasma lactate

concentrations and submaximal heart rates.

•At present, no sensitive laboratory variables are available to detect overtraining in an

early stage. Early markers are of behavioral origin.

• Overtraining can be avoided by alternating intensive training bouts with light exercise.

• For increasing performance capacity high intensity intermittent exercise at 100%

VOj,™, or above has to be conducted.

• After a training period light intensity exercise is sufficient to maintain performance

capacity at a relatively high level.

• When a training program is built up gradually injuries can be avoided.

9.2 REMAININC QUESTIONS FOR FUTURE RESEARCH

Although several training protocols in which interval and endurance training

have been combined were described in the present thesis, still relatively little is known

about the optimal combination of endurance and high intensity exercise. More

well-controlled studies are required to provide conclusive answers to these questions. If

practically possible, increased numbers of animals in each group might improve the

statistical power of the studies.

Since it is still debatable in how far treadmill testing reflects performance

capacity under field conditions, a question which has to be addressed is to which

extent the results obtained with an incremental exercise test on a treadmill reflect the

achievement during competitive performance or field tests. At present such studies are

hard to conduct. If, however, indoor tracks would become available in which weather

and surface conditions can be controlled an answer to this question can be provided.

An issue which is highly relevant for practical horse training is prevention and

detection of early overtraining (overreaching) and advanced overtraining (overtraining
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syndrome or staleness). The present study failed to provide tissue biochemical and

Wood chemical markers for overreaching and staleness. Since the first signs of

overtraining symptoms were of behavioral origin, future research should also focus on

behavioral characteristics and features during the training process whereas other

physiological and biochemical parameters should be explored. The actual mechanism

of the effect of the increase of exercise intensity on the days with low-intensity

endurance exercise in the overtraining study in evoking the overtraining syndrome

should be subject of further study.

Compared to the changes seen in the overtraining study, the improvement of

the performance capacity found in the aerobic and anaerobic exercise protocols in

chapters 6-8 was limited. The used biochemical markers and total plasma volume

changes as well as tissue high-energy phosphates and related compounds failed to

provide insight into the mechanisms underlying changes in performance capacity. Since

the assembled data suggest that a combination of aerobic and anaerobic exercise is

necessary for reaching maximal performance capacity, further research should be done

to identify the best combination of the two training components. To provide further

insight into the contribution of aerobic and anaerobic energy production and training

effects thereupon, the use of non-invasive tracers for metabolic alterations is

recommended. The same holds for the mechanism(s) responsible for the possible

changes in energy metabolism in the exercising horse and its skeletal muscles. With

respect to elucidating underlying mechanisms also modern molecular biological

techniques might be of help to gain more insight in the effect of training on the physical

performance capacity of the horse.

Although high-intensity exercise seems necessary for maximal training

effects it is still unknown how many repetitions yield optimal results. This is relevant

because it has been shown that on the one hand high intensity exercise should be

included in the training program, while on the other hand high volumes of high

intensity exercise may increase the risk of staleness and injuries. It is likely that a certain

training volume has to be attained, while it is to be expected that increasing the training

volume will lead to overtraining. Therefore, it is also important to know the lowest level

of volume and intensity for an individual horse which is sufficient to attain and sustain

the maximal performance capacity.
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Samenvatting

In dit proefschrift worden effecten van verschillende vormen van training op het

prestatievermogen van paarden beschreven. De paarden warden op stal gehouden en

getraind op een tredmolen en aan een stapmolen. De trainingsprogrammas waren

afgestemd op de capaciteiten van elk paard afzonderlijk. Om veranderingen in het

prestatievermogen te kunnen beoordelen werden de paarden elke 2-4 weken

onderworpen aan een fitness test Door onderzoek van spierbiopten en bloedmonsters,

en door het registreren van de hartfrequentie is getracht een aantal belangrijke

onderdelen van de inspanningsrysiologie van het paard te beschrijven.

Enkele algemene aspecten van de inspanningsrysiologie bij mens en paard

worden beschreven in de hoofdstukken 1 en 2. Het uithoudingsvermogen

(duurvermogen) wordt in hoofdzaak bepaald door de maximale hoeveelheid /uurstof

die kan worden gebruikt in het lichaam. Dit is vooral afhankelijk van bloedsomloop en

ademhaling. Paarden zijn in vergelijking met de mens heel bijzondere atleten. De

hartfrequentie kan bij het paard een veel hogere waarde bereiken dan bij de mens het

geval is. Bij paarden zijn maximale waarden gevonden van 240-260 slagen per minuut,

humaan ligt de bovengrens tussen 200 en 210 slagen per minuut. Door bij inspanning

een grote hoeveelheid rode bloedlichaampjes, in rust opgeslagen in de milt, te gaan

gebruiken, waardoor het aantal circulerende rode bloedcellen met 50% kan toenemen,

wordt de zuurstof transport capaciteit van het bloed sterk vergroot. In vergelijking met

rust kan de maximale zuurstofopname bij paarden 40-50 keer groter worden. Een top-

sportpaard kan maximaal ongeveer tweemaal zoveel zuurstof per kg lichaamsgewicht

transporteren dan een menselijke topadeeL

Door training wordt geprobeerd het prestatievermogen te verbeteren. Hierbij

wordt gebruik gemaakt van de eigenschap van het lichaam om zich aan te passen aan

de opgelegde belasting. Bij elke trainingssessie wordt het bestaande evenwicht in de

belaste cellen verstoord. Gedurende de herstelfase na de training kan dit evenwicht niet
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alleen weer worden hersteld, maar kan er ook een vergroting van de belastbaarheid

optreden (overcompensatie). Als omvang en intensiteit van de trainingsarbeid geleidelijk

toenemen zal ook het prestatievermogen toenemen totdat het maximaal haalbare is

bereikt. De aard van de training moet in het algemeen zo specifiek mogelijk worden

afgestemd op het doel. Voor een kortdurende intensieve prestatie moeten korte

maximale sprints worden uitgevoerd, voor een prestatie die uren moet worden

volgehouden is duurtraining met een lagere intensiteit nodig. Bij prestaties van paarden

van ongeveer 1 tot 10 minuten is de maximale zuurstofopname capaciteit van groot

belang, terwijl tevens het sprintvermogen maximaal ontwikkeld moet zijn. Voor een

maximaal prestatievermogen is dan ook een intensief trainingsprogramma nodig,

waarbij omvang en intensiteit zorgvuldig moeten worden afgestemd op de

belastbaarheid van de weefsels van elk paard. Trainingsarbeid beneden het optimale

niveau leidt niet tot het maximale prestatievermogen, terwijl een te intensief

programma overtraining of blessures tot gevolg kan hebben. In hoofdstuk 2 is ingegaan

op de fysiologie van de skeletspier en op de stofwisseling. De veranderingen die

optreden onder invloed van training zijn kort weergegeven.

Een van de doelen van het in dit proefschrift beschreven onderzoek was om

overtraining vroegtijdig te kunnen diagnostiseren en zo ernstiger beschadigingen te

voorkomen. Daarnaast is getracht de effecten van verschillen in omvang en intensiteit in

trdiningsprogramma's voor paarden te beschrijven om in de praktijk een zo effectief

mogelijke training met een minimale kans op blessures mogelijk te maken.

Voor het beoordelen van de histochemie en de biochemie van een spier is met

behulp van een holle naald een klein stukje weefsel uit die spier gehaald. Het is dan de

vraag of zo'n klein stukje weefsel wel een goede weergave van de eigenschappen van

de gehele spier kan opleveren. Derhalve is in hoofdstuk 3 gekeken naar de

herkiallviarheid van de bepalingen in spierbiopten door op 3 verschillende plaatsen op

twee verschillende dieptes telkens drie monsters te nemen. Hieruit kwam naar voren
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dat de verschillen btj oppealakkig genomen monsters groter waren dan bij dieper

genomen monsters. Voor biochemisch onderzoek moet de voorkeur worden gegeven

aan een plaats circa 17 cm schuin naar beneden en naar achteren ten opzichte van het

heupbeen van het paard. Voor histochemisch onderzoek was het een plek 10 cm

horizontaal achter het heupbeen gelegen. Door het belang dat is gehecht aan de

biochemische analyses is gekozen voor de voor dit onderzoek gevonden optimale

plaats.

De intensiteit van de trainingsarbeid kan worden beoordeeld aan de hand van

de hartfrequentie uitgedrukt als percenUge van de maximale hartirequentie van elk

paard. In de praktijk kan de hartslag relatief eenvoudig worden vastgelegd met behulp

van een hartslagmeter. De maximale hartslag is echter zo hoog dat die veelal niet kan

worden gemeten met een hartslagmeter. In hoofdstuk 4 is de betrouwbaarheid van

een hartslagmeter onderzocht en is getracht de maximale hartslag van een paard te

schatten op basis van de hartslag en de plasma-lactaat concentratie bij submaximale

inspanning. Het bleek dat bij frequences lager dan 231 slagen per minuut de

hartfrequentie betrouwbaar gemeten kan worden met een hartslagmeter, terwijl

bovendien de maximale hartfrequentie kan worden geschat op basis van gemeten

submaximale waarden en de daarbij behorende plasma-lactaat spiegels.

In de loop van een intensief trainings- en/of wedstrijdprogramma kan

overtraining optreden. De paarden zijn dan lusteloos, lopen stijf, eten slecht en

vermageren. De geplande trainingsarbeid kan veelal niet meer worden volbracht,

terwijl ook eventuele wedstrijdprestaties tegenvallen. In hoofdstuk 5 is getracht door

een intensief trainingsschema overtraining op te wekken en dit dan vroegtijdig te

diagnostiseren met behulp van spier- en bloedmonsters en van een zorgvuldige

klinische diagnose. Het bleek pas mogelijk om overtraining op te wekken vanaf het

moment dat de intensiteit van de arbeid op de dagen tussen de intensieve training
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werd opgevoerd van circa 140 slagen per minuut naar circa 180 slagen per minuut. Het

bloedonderzoek leverde geen aanwijzing op voor een vroegtijdige diagnose.

Cedragsveranderingen en het afnemen van de eetiust waren de belangrijkste

symptomen van overtraining. De paarden lieten wel een verbetering van het

uithoudingsvermogen zien van 40-50% (gemeten als hoeveelheid werk tot uitputting).

In hoofdstuk 6 worden de effecten op het uithoudingsvermogen beschreven

van duurtraining met een verschillende duur en intensiteit. In alle groepen werd een

verbetering van het uithoudingsvermogen gezien van circa 10%. In de groepen met een

hogere intensiteit van de trainingsarbeid werden de grootste effecten in het bloed

gezien in de vorm van een stijging van de hoeveelheid rode bloedcellen per kg

lichaamsgewicht. Een beperkte trainingsduur van 6 weken was al voldoende om deze

veranderingen te realiseren.

Met dcfclfJc paaidcn als gcbiulkl in Itoufdstuk 0 is gctracHt tic effecten van ccn

combinatie van duurtraining en sprinttraining op het uithoudingsvermogen te

bestuderen. In de periode tussen beide experimenten (2 maanden) werden de paarden

licht getraind om de effecten van de vorige trainingsperiode te laten verdwijnen.

Desondanks bleek het uithoudingsvermogen in twee maanden niet te zijn verminderd

(hoofdsluk 7). Bovendien kon gedurende het verloop van de trainingsperiode geen

verandering van het uithoudingsvermogen worden vastgesteld.

In hoofdstuk 8 zijn de effecten van sprinttraining met 0, 3 of 6 sprints van 1

minuut beschreven. Alle paarden lieten gedurende de trainingsperiode een verbetering

van het uithoudingsvermogen zien vergelijkbaar in grootte met de verbetering door

duurarbeid (hoofdstuk 6). Naar het einde van de trainingsperiode bleek echter dat

alleen de groep met 6 sprints het verworven niveau op peil wist te houden.

In hoofdsluk 9 worden de resultaten zoals beschreven in dit proefschrift

samengevat en in een breder kader geplaatst
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Oe auteur van dit proefschrift is geboren op 7 januari 1944 te Viedder. Isiadat in

1964 aan net J.H. Tromp-Meesters Lyceum te Steenwijk net Gymnasium-P diploma

werd behaald, begon hij in hetzeltde jaar aan de Rijksuniversiteit Utrecht met de studie

diergeneeskunde. In 1971 legde hij het dierenarfcexamen met goed gevolg at. Dat

examen werd evenals de propaedeuse behaald met het predikaat "met genoegen".

Van September 1971 tot november 1973 was hij werk/aam als keuringsdierenarts /

bacterioloog te Den Haag, van november 1973 tot maart 1983 was hij prakti/erend

dierenarts te Coevorden. Van maart 1983 tot heden volgde een dienstverband als

onderzoeker b»j het "Praktijkonderzoek Rundvee, Schapen en Paarden" te Lelystad,

alwaar de werkzaamheden zoals beschreven in dit proefschrift zijn uitgevoerd.
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Dit proet'schrift is tot stand gekomen dank/ij de medewerking en het enthousiasme van

een groot aantal mensen. Ik wil iedereen bedanken die hieraan, direct of indirect, een

bijdrage heeft geleverd. Toch wil ik een aantal mensen graag met name noemen.

Allereerst wil ik mijn ouders en schoonouders bedanken voor de steun die ik tijdens

mijn studie en daarna mocht ontvangen. Zij hebben me altijd gestimuleerd in het

oppakken van nieuwe dingen ook al betekende dat meer iruret van hun kant.

Joke, Hielke en Bas, jullie hebben me altijd de gelegenheid gegeven mijn werk ook

thuis voort te zetten. Dit is vaak ten koste gegaan van de tijd die voor jullie beschikbaar

was. Hoewel de overgang van de praktijk te Coevorden naar het onderzoek te Leiystad

door velen niet is begrepen, is dit door jullie nooit ter discussie gesteld. We hebben

met elkaar steeds geprobeerd de dingen te doen die we leuk vonden. Of ik van de

koek niet een onevenredig groot stuk neb geconsumeerd, vraag ik me met regelmaat af.

Zonder jullie support was dit proefschrift nooit tot stand gekomen.

Durk Minkema, jouw stimulerende optreden tijdens mijn studietijd en je bereidheid tot

discussieren over onderzoek daarna heeft mijn interesse voor research gewekt.

Jules Smit, Jan Obermeyer, Tjitse Smeding, jullie zijn voor mij "de mannen van het

eerste uur" met een niet te onderschatten inbreng bij het tot stand komen van deze

studie. Jullie benadering van het trainen van paarden, met veel aandacht voor de

noden van het individuele dier, heeft geleid tot een praktische toetsing van het in dit

proefschrift beschreven onderzoek.

Rinus de Jong, jouw steun en vertrouwen bij mijn werk binnen het praktijkonderzoek

heb ik als zeer motiverend ervaren. Je opmerking "Dat geloof je toch zelf niet" staat in

mijn geheugen gegrift

Wim Vrijsen en Jan Loman, jullie hebben al die jaren de paarden verzorgd en getraind

en meegewerkt aan de fitness tests. Vele dagen hebben jullie doorgebracht op de

denderende tredmolen om de trainingsprogramma's uit te voeren. Dank zij jullie

nauwkeurige wijze van werken en jullie inzet, ook op zon- en feestdagen als het voor

het onderzoek nodig was, is dit proefschrift mogelijk geworden.
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Prof. Huisman, Arend Schot, Elly Nicaise, jullie medewerking bij het vastieggen van de

ecg's en het maken van de Evan's blue oplossingen was onontbeerlijk voor dit

onderzoek.

Tony Bruggink, jouw inbreng heeft geresulteerd in een opzet van het praktijkonderzoek

waardoor deze studie mogelijk werd. Onze discussies zijn voor mij van grote betekenis

geweest bij de uitvoering van het hier beschreven onderzoek.

Cidi, vanaf het eerste uur heb ik met jou mogen samenwerken. Jouw normbesef, je

kritische en praktische instelling, je kennis, je tomeloze inzet en je onvoorwaardelijke

steun, zowel binnen als buiten de werksituatie waardeer ik bijzonder.

Ceert, steeds weer was je bereid om de geheimen van de statistiek in een voor mij

passend tempo te onthullen. Je actieve participatie in de opzet van het onderzoek en

de verwerking van de gegevens en jouw zoektocht naar een verantwoorde benadering

van de dataset betekenen een grote meerwaarde voor het onderzoek.

Een woord van dank ook voor de leden van de beoordelingscommissie, Prof. Dr. ir.

W.H.M. Saris, Prof. Dr. A. Huson, Dr. H.A. Keizer, Prof. Dr. R.J. Rose en Dr. F.T.J.

Verstappen voor de zorgvuldige beoordeling.

Tenslotte, mijn promotores, Prof. Dr. H. Kuipers en Prof. Dr. C.J. van der Vusse:

Harm, jouw nooit aflatende en stimulerende benadering en je snelheid van werken bij

het steeds maar weer corrigeren van de manuscripten hebben me er doorheen

gesleept.

Ger, jouw kritische blik heeft bijzonder verhelderend gewerkt. De kwaliteit waarmee jij

•de manuscripten nakeek is nauwelijks te evenaren.

Harm en Ger, ik heb het als een voorrecht ervaren om onder jullie leiding dit

proefschrift te mogen voltooien.
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