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Abstract

The performance horse is frequently subjected tmge of heat stress, usually
as a result of the metabolic heat production of@se, and also in situations of
prolonged transport or exposure to ambient headsloahen in hot, humid

conditions. When heat stress periods are shorthirenoregulatory abilities of
the horse easily cope despite high rates of heaageg. However, when body
heat storage is prolonged, such as can occur dymotpnged exercise or
transport, dehydration ensues due to sweat losEegater and electrolytes.
Dehydration further contributes to increased stress many physiological

systems and impairs cognitive and physical perfaigga If continued, heat
stress can develop into heat strain, which seveosignprises health and
wellbeing and may be life threatening. Evaporatadnsweat is the primary
means for thermoregulation, but at best the theemdatory efficiency of

sweating is ~30%, resulting in high rates of heatragje when exercise is
continued. With sweating rates of 15-20 L/h dehtidracan rapidly ensue
unless effective strategies are used to replacervaaid electrolytes lost through
sweating. Effective electrolyte supplements proddmlanced mixture of water,
sodium chloride, potassium chloride, magnesium aadtium as readily

dissolved salts, and dextrose to enhance inteséibabrption of sodium and
water. The effective of electrolyte supplementaticen be non-invasively
monitored in horses using multi-frequency bioeieafrimpedance analysis.

Introduction

Sweating is an innate physiological response tot aduction by some

homoeothermic mammals. Mammals that do sweat, aschorses, humans,
camels and cattle, sweat while even at rest undemathermic conditions.

Under conditions of heat stress there occurs nat btorage by the body,

resulting in an increase in the temperature otttmulating blood. This increase
in circulating blood temperature is sensed by tlypothalamus, which is

responsible for a number of the thermoregulatorspoases to heat stress

Proceedings of the 4th European Equine Health &itlah Congress, April 18-
19, 2008 — Wageningen University and Research €gWageningen, the
Netherlands. Page 28-45



including cutaneous vasodilation, increased pradonaif sweat by sweat glands
(Gleeson 1998). In some mammals, and in horseshanthns in particular,
prolonged periods of sweating at high rates resultsvater and electrolyte
losses that can lead to dehydration with ensuiray performance and clinical
signs of heat strain if unchecked (Maughan and ibger 1995). The purpose of
this review is to provide an overview of situatioleading to heat stress in
horses, with an emphasis on exercise. We will idensheat production and
storage, thermoregulatory responses to heat stosageating responses and
dehydration, and strategies that can be used tweptreand recover from
dehydration. The interested reader is referred he following reviews
(Lindinger and Maughan 1995, Gleeson 1998, Geor Mo@utcehon 1998,
Guthrie and Lund 1998, McCuthcheon and Geor 1989&jihger 1999).

Heat Stressand Strain

Stress can be defined the normal application afeforon a subject. As such,
heat stress is normal and is experienced when sehexercises, is standing
under conditions of increased ambient radiant {feigure 1), i.e. in the sun on a
warm day, and in most confined transport situatiowa den Berg et al. 1998,
Friend 2000) Sometimes, situations of high psyadhickl stress to the horse
(unfamiliar, stressful situations) results in irased circulating levels of
adrenaline which also acts to increase sweatirg (MtConaghy et al. 1995).
When stress is continued for an extended periodnareases at a high rate,
strain can ensue — as such strain represents d@ioonof excessive stress, and
this can result in injury (Figure 1).
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Figure 1. Progression from increasing thermal load towardat Istrain and
injury.
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Exercise increases the rate of heat storage, amdatie of increase of heat
storage is proportional to the ambient conditicBedr et al. 2000), the intensity
of exercise (Scott et al. 1999), and the hydratate S(Geor and Mccutcheon

1998b). Heat storage in the body is a result eflihlance between heat gain
(environmental or metabolic) and heat loss to theirenment. Increases in

body heat storage can be estimated from increasestal temperature (Geor et
al. 2000).

Exercise intensity The conversion of chemical energy to the meaam®inergy
of locomotion in horses is at best 20% efficienigts that most of the chemical
energy is converted to heat. Thus contracting &klelauscle produces large
amounts of heat at high rates (Figure 2), and #te of heat production
increases with increasing exercise intensity. Wdvegrcise intensity is high, the
duration of exercise is limited by the rapid onsefatigue and exercise stops
(Nielsen and Nybo 2003). This results in a natpralvention of heat strain and
excessive dehydration, unless repeated bouts df htensity exercise are
performed. Of primary concern is the dehydratiod haat strain that can result
from the sweat losses that occur during prolongedods of low intensity
exercise (Ecker and Lindinger 1995, Ecker and lngdr 1995b, Lindinger and
Ecker 1995) and transport (Friend 2000).
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Figure 2: Dunng exercise, contracting skeletal muscle gatesrlarge amounts
of heat that are moved by convective blood flovotiyghout the body (net heat
storage) and to the skin for dissipation to theirmmment. Evaporation of sweat
from the skin provides the greatest cooling effect.
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Ambient conditions Because body heat storage is a function of losatto the
ambient environment, increases in ambient heahanuddity reduces the ability
of the body to dissipate heat (Geor et al. 200@)rdases in ambient temperature
reduces the thermal gradient from body core to gkirenvironment, thus
decreasing net heat transfer to the environmente&ases in ambient humidity
reduces the water vapour pressure gradient, regulti a reduced ate of
evaporation of sweat from the surface of the horggch increased amounts of
sweat just running and dripping off the horse, Whicovides minimal cooling.
During moderate intensity exercise, an increasantbient temperature from
22°C to 33C (both with 45% relative humidity) results in ~50f6rease in the
rate of heat storage (Figure 3). When 85% relativeidity is imposed with
high ambient temperature (&3, the rate of heat storage is ~2.5-fold greater
than in cool dry conditions (Geor et al. 2000).

For us as caregivers to horses, it is criticallpamant to recognize these very
high rates of heat storage in horses, becauseateynuch greater than what
occurs in humans (Figure 3). Thus, even though \ag perceive that warm,
humid conditions are not producing undue stresstain in us, they may
certainly be resulting in strain in horses. By vadyexplanation, the higher rates
of heat storage in horses, compared to humandtsdésam a greater proportion
of the body that is contracting muscle in horse®@ of body mass, compared
to ~20% in running humans) and a lower skin surfaea per unit body mass
for dissipating heat to the environment; the bodyssnto surface area ratio in
horses is ~100, compared to ~40 in humans. Therdiorses are capable of
producing large amounts of heat at high ratesdnrpared to humans, are at a
severe physical disadvantage to dissipating thait (héndinger 1999).
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Figure 3: The rate of increase of core body temperatugg Dr heat storage as
a function of ambient conditions in humans and éar€D = cool dry; HD =

hot dry; HH = hot humid). Human data from Christan et al ; Equine data
from Geor et al. 2000.
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Figure 4: Sweating rates in horses performing moderate sitteexercise and
during 30 minutes of recovery in cool dry, hot dand hot humid conditions.
(Data from McCutcheon et al. 1995, 1999).
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Figure5: Time course of sweat ion concentrations duringl@nate intensity
exercise in cool dry, hot dry and hot humid comaii. Adapted from
McCutcheon et al. 1995).
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Hydrated state With respect to hydrated state, conditions diydeation are
associated with increased cardiovascular stress amdin (Geor and
McCutcheon 1998), with increased competition ofdbldlow to contracting
muscles to remove heat from heat producing musgidsblood flow to the skin
to remove heat (McConaghy et al. 2002).

Thermoregulatory sweating

Thermoregulatory sweating may be defined at theesme in sweating that
occurs in response to an increase in core bodydmtype to, or above, the
hypothalamic thermal set point (Gleeson 1998). Tikisdistinct from the

sweating that may occur in response to increasedulating adrenaline

(McConaghy et al. 1995) or pseudorific effects ofne foods (Pearson et al.
2000).

As far as we know, the onset of sweating in holisegoverned as it is in
humans: by a hypothalamic thermal setpoint thaseigsitive to increases in
circulating blood (and hence core) temperature ¢&lae 1998, Nielsen and
Nybo 2003). In horses, sweating rate also increas@soportion to the rate of
heat storage, such that with moderate intensitycéses sweating rate is higher
in warm, dry conditions than in cool dry conditiofMcCutcheon et al. 1999).
However, when exercise intensity is greater thamutl@0% of peak Vg the
blood-borne transfer of heat to the skin may beaiingel compared to blood
flow to contracting muscle (Scott et al. 1999).rddst exercise intensities, there
is competition between the skin and contracting aleugor cardiac output
(McConaghy et al. 2002). The rate of sweating ajgoears to be sensitive to the
degree of hidromeiosis (skin wettedness; Candat 4980). The more wet the
skin, the lower the sweating rate — this effecden in both humans and horses.
In horses, for example, moderate intensity exentis@arm, humid conditions
results in a marginally lower sweating rate tharewtexercising in warm, dry
conditions (Figure 4; McCutcheon et al. 1995, 199%e highest sweating rates
in Figure 4 translate to a rate of dehydration®Litres of body water per hour;
sweating rates in excess of 15 L per hour havelasm reported. With clinical
dehydration defined as a dehydration of 5% of tbiadly water (15 L for a
450kg horse), it is clear that exercise for gre#ttan 1 hour duration requires
consideration of strategies for preventing dehydnafrom becoming severe
during period of prolonged exercise.

Sweating rate (Fig. 4) and composition (Fig. 5) @le® sensitive to the duration
of exercise. Sweating rate, together with INand [CI] increases during the
first 5-20 minutes of exercise, before levelling; afs exercise progresses, these
may subsequently decrease. In contrast, sweatdikd [C&'] tend to decrease
during exercise.
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Again, it is instructive to provide a comparison mmans, because this
exemplifies the great rate of ion losses incurngdhrses during exercise. Peak
sweating rates in humans are ~3 L / hour compare@® L / hour in horses. At
the same time sweat [Naand [K] average 40 and 4 megL in humans
compared to 120 and 60 meqg/L in horses, respegtiviglveat [C], which
balances the positive charge of sweat cationss@sme/L in humans compared
to 180 megq/L in horses. Therefore in horses, thabioation of high sweating
rates and high sweat ion concentrations contritboteery high rates of ion
losses during periods of heat stress. These logsbto be directly addressed if
we are to sustain a state of high performance uinecathletes.

Strategiesfor Helping the Hor se Thermor egulate

The ideal strategy for preventing performance deergs during or following
periods of heat stress is one that ultimately preveehydration. This can only
be accomplished by timely and adequate provisiorbatnced electrolyte
solutions to replace water and electrolytes logiubgh sweating. This will help
the horse to thermoregulate by ensuring adequatg thads to sustain sweating
rates and cardiovascular function. Additional stgéds that can be used to aid
thermoregulation include provision of shade, expega wind or cooling fans,
repeated application of cold water (Kohn et al 19%ffcott and Kohn 1999),
avoiding the use covers and blankets, and keepmgair coat short (Morgan et
al. 2002).

With an appreciation of the high rates of water alettrolyte losses incurred by
the heat stressed horse, we will now focus on remqénts for maintaining
hydration. For a 450 kg horse, the total body w&i@W) volume is ~300L,
divided between intracellular fluid volume (ICFVJ ©200L and extracellular
fluid volume (ECFV) of ~100L. About 20L of the ECHY plasma volume. The
main cation associated with maintaining ICFV i (ihtracellular [K] of ~140
meg/L, while the main cation associated with mairitg) ECFV is [N4] ([Na']

of ~140 meg/L). Because sweat'TKs ~60 meg/L and there is minimal net loss
of ECF [K'] during exercise, this means that nearly all theldst through
sweating comes from the intracellular compartmenftwhich skeletal muscle
comprises the greatest share. Thus effective ptieveof cellular dehydration
requires the presence of ki electrolyte supplements.

Virtually all of the Nd lost through sweating arises from the ECF
compartments, and effective prevention of extratsll dehydration requires
Na" in electrolyte supplements. The main anion assetiavith K" and Na is
CI, so this should be present to balance these sat®mall amounts of Ga
and Md" are also lost, and because these are importartefarar function,
they should also be replaced. Based on the swéaipdavided above, it is clear
that prevention of dehydration during exercise nexpuingestion of about 15 L

Proceedings of the 4th European Equine Health &itlah Congress, April 18-
19, 2008 — Wageningen University and Research €gWageningen, the
Netherlands. Page 28-45



of water with an appropriate mixture of electrogtd his is indeed a daunting
task, however we have observed elite endurance leider combinations to be
successful in achieving this over 100 mile distan¢Ecker and Lindinger
1995b, Lindinger and Ecker 1995). In this contéxt noteworthy that all horses
incur net losses of water and electrolytes durhrggfirst 1-2 hours of exercise,
and effective supplementation during mandatory aotuntary rest breaks
restores hydration as exercise continues.

It is very important to provide an appropriate Ipaka of water and electrolytes
when providing electrolyte supplementation. Prarisof water along results in
a dilution of electrolyte concentrations within lyoluid compartments. In
studies conducted in humans (Shirreffs and Maud@t®) it has been shown
that dilution of the ECF associated with ingestminwater is sensed by the
kidneys as a volume overload, resulting in renatretion of water with
additional electrolytes — thus the electrolyte d&gd and dehydrated horses
becomes further dehydrated when drinking only watkr contrast, if
concentrated electrolyte solutions (slurries anstgs are given to horses, these
are highly unpalatable and when ingested caus¢ ffureof water from the ECF
compartment into the upper G.I. tract. In this &ton water is initially moving
in the wrong direction, resulting in further ECFhgldration. Later, as water and
electrolytes are absorbed in the small intestimengrily), ECFV can only be
partially restored, and ECF electrolyte concerdregi will increase. These
increases can be sensed as an electrolyte ovdnlp#ioe kidneys and skeletal
muscle, resulting in increased renal excretion afewand electrolytes — again
an undesirable outcome in a dehydrated horse. Balahwater and electrolytes
is therefore crucial for effective rehydration gévention of dehydration.

What Should bein a Good Electrolyte Product?

It is now evident that the electrolyte mixture im a&ffective electrolyte
supplement needs to replace what was lost in swehbrses (Rainger and Dart
2006), as in humans(Sched! et al. 1994), provisibiwater and electrolytes
given as oral supplements depends on the ratesstigemptying and duodenal
— jejunal water and ion transport. Intestinal ratesvater, Na and CI transport
can be increased by the provision of dextrose (izage) to a concentration of
~6% within the electrolyte solution. The presendefroctose (~2%) may
enhance the intestinal absorption dfafd improves palatability. All electrolyte
salts should easily dissolve in water (at %20 as those that do not dissolve will
likely just pass through the G.I. tract and elinbgthin the manure. This is
particularly true of the divalent cations €and Md"; C&" should be given as
calcium or magnesium lactate, acetate or citraterert as oxalate or carbonate
(limestone, dolomite). Sucrose and flavouring agetan also be added to
enhance palatability. When a balance electrolyletism is dissolved in the
appropriate volume of water, the amount of dextrpeesent will result in a
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modest increase (1-2 mmoles/L) in plasma [glucobe}, will not result in
increased insulin release during exercise. The aimoadf glucose given is
negligible in terms of meeting the energy demanfdexercise, but is present
solely to enhance intestinal absorption of wated afectrolytes. The highest
drinking rates appear to occur when the temperatfirdie solution is ~2T
(Butudom et al. 2004).

Getting a horse to drink a balanced electrolytetsmh can be a challenge. Most
successful horse — rider combinations have spamiderable time training the
horse to drink electrolyte solutions. Initially,etthorse can be weaned onto a
dilute electrolyte solution made by dissolving aafiramount in the drinking
water, and this provided as the sole drinking oloithe concentration of the
electrolyte solution can be gradually increasedr av@eriod of weeks. When
riding longer distances, and a rest break for dinmkis desirable, similarly
prepare an electrolyte solution and remain unéltibrse has taken a drink — the
horse will learn that the activity will continue @ a drink has been taken.
Clearly, patience and diligence are required orptr¢ of the rider.

Non-Invasive Assessment of Hydration

It is now possible to non-invasively monitor thedgted state of a horse using
multi-frequency bioelectrical impedance analysid=@MIA). This instrument, by
injecting and then sensing a small current semutlfin electrodes strapped onto
fore and hind limb leg muscles, determines TBW a#l as the proportion of
fluid in the ECF and ICF compartments. Thereforbew the measurement is
repeated over time, a time course of hydratiorustan be obtained (Lindinger
et al 2004, McKeen and Lindinger 2004, Waller amtlinger 2005, Waller and
Lindinger 2006, Fielding 2007).
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