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ACID-BASE REGULATION DURING EXERCISE IN THE HORSE 

by 

Pamela L. Ferrante 

Animal Science 

(Abstract) 

Effects of fat adaptation and NaHCOz supplementation on acid-base 

homeostasis were quantitated during repeated sprint exercise in horses. 

Contribution of strong ions ([SID]), PCO9, and weak electrolytes ([A;o4]) to 

changes in plasma [H+] and the role of erythrocytes in acid-base balance were 

examined at rest and during exercise. Effects on plasma glucose and blood 

lactate [Lac"] concentrations due to sample handling were also assessed. 

During exercise, blood [Lac-] was higher when horses received 

NaHCOs compared to water prior to exercise (P=0.0024), and in fat adapted 

horses compared to horses fed a control diet (P=0.0240). Blood [Lac’] was 

higher in fat adapted horses given NaHCOz compared to other diet/treatment 

combinations (P=0.0276). Plasma [SID] was higher during exercise when 

horses were given NaHCOs compared to plain water (P=0.0054), which 

contributed to decreasing [Ht] and increasing [HCO3-] during exercise 

(P=0.0001). Plasma Pcog contributed less to increasing plasma ([H*] during 

exercise in fat-adapted horses compared to horses fed the control diet 

(P=0.0282). Intraerythrocyte [SID] decreased (P=0.0160) and [Ato+] increased 

(P=0.0002) which contributed to increasing [H*] within the cell (P=0.0228). 

After intravenous administration of epinephrine in horses at rest, 
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hematocrit increased to 59% (P=0.0009), plasma [Lac] increased 2-fold 

(P=0.0001). Lactate moved into erythrocytes, increasing lactate concentration 

within the cells (P=0.0001). 

When blood was preserved with fluoride/oxalate, measured values for 

plasma glucose concentration were 6 to 10% lower (P=0.0038) and erythrocyte 

volume in whole blood was 15% smaller (P=0.0001) compared to samples 

preserved with heparin. No differences were observe in measured blood 

lactate values [Lac-] when samples were maintained at 0 C for 60 minutes until 

deproteinization compared to samples immedieately deproteinized. 

Contributions of independent variables ({[SID], PCO9, and [Atpo¢]) to 

changes in plasma and intraerythrocyte [H+] can be quantitated utilizing a 

comprehensive physicochemical approach to acid-base physiology. Fat 

adaptation and NaHCO supplementation affected acid-base balance during 

exercise in horses. An increase in plasma [SID] after NaHCO3 administration 

and a greater decrease in PCO in fat-adapted horses were the main 

contributors to changes in plasma [H*] observed. Erythrocytes can play a role 

in acid-base balance through movement of strong ions and water across the 

membrane of the cell and altering intraerythrocyte [SID] and [Ajo}). 
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introduction 

Increased metabolism during exercise is associated with increased 

concentrations of lactate ([Lacy]), hydrogen ion ([H*]), and CO5. Onset of 

fatigue during muscular contraction has been attributed in vart to the 

accumulation of Ht within muscles (Mainwood and Renaud, 1985). 

Consequently, [H*] within cells and within plasma must be méintained within 

narrow limits. Sodium bicarbonate (NaHCO3) administration prior to exercise 

and/or adaptation to a high fat diet may facilitate exercise by modifying the 

changes in intramuscular and extracellular [H*]. Erythrocytes can also affect 

acid-base homeostasis through their buffering capacity, and modification of 

plasma and intraerythrocyte [H*]. 

Extracellular alkalosis has been proposed to facilitate efflux of H* from 

muscle, thereby reducing intracellular acidosis and offsetting fatigue 

(Mainwood and Cechetto, 1980). Both magnitude and rate of lactate efflux 

from muscle during contraction increases with extracellular alkalosis 

(Mainwood and Worsley-Brown, 1975; Sutton et al., 1981; Seo, 1984: Davies 

et al., 1986; Spriet et al., 1986b). 

Increased fat oxidation during exercise may be beneficial in sparing 

glycogen and in maintaining acid-base homeostasis. Fat-adapted rats showed 

decreased rate of liver and muscle glycogen use, and decreased plasma 

lactate levels during exercise (Miller et al., 1984; Nemeth et al., 1992). 

Increased fat oxidation may be beneficial in maintaining acid-base 

homeostasis. For a specific metabolic energy production, fat oxidation also 

produces less COQ9 than glucose oxidation (Ferrannini, 1988). 
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Whole blood behaves as two compartments, plasma and erythrocytes. 

Since there is a marked difference between erythrocytes and plasma with 

respect to ion concentrations and buffering characteristics, each has unique 

quantitative role in distribution of ions within blood (McKelvie et al., 1991; 

Lindinger et al., 1992), and in acid-base control during exercise (Stewart, 

1991). 

Based on physical and chemical principles, plasma [H+] and [HCO37] 

are dependent on partial pressure of CO2 (PCO9)strong ion difference ([SID]), 

and total concentrations of weak electrolytes ([Ato]) in solution (Stewart 1981, 

1983). The contributions of [SID], PCO, and [Ajo¢] to changes in [H*] and 

[HCO37] in both plasma and erythrocytes can be quantified utilizing a 

comprehensive physicochemical method of acid-base analysis. 

The specific objectives of this research were: 

(1) to examine changes in blood [Lac-] during exercise in horses adapted to 

either high fat or control diets, and to evaluate the effects of NaHCOs 

administered intragastrically prior to exercise; 

(2) to quantify the contributions of changes in plasma [SID], PCO9, and [Ajo4] to 

changes in plasma [H™] and [HCO3"] during exercise in horses; 

(3) to examine the role of erythrocytes in acid-base homeostasis in horses 

during exercise; 

(4) to evaluate lactate concentration in plasma, erythrocytes, and whole blood 

during normal and increased hematocrit levels in horses at rest; 

(5) to examine sampling techniques used in obtaining blood for plasma glucose 

and whole blood lactate analyses. 
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Review of Literature 

Introduction 

Proteins are sensitive to changes in pH, ion strength and osmolal 

composition (Somero, 1986), and maintenance of protein integrity is a crucial 

factor for function of physiologic systems. Although free [H+] in body fluids is 

low, protons are very reactive and minute changes in concentration can 

significantly influence enzymatic reactions and other physiologic processes. 

Consequently, [H*] within cells and in the extracellular fluids must be controlled 

within narrow limits. 

During exercise, increased metabolic rate results in increased 

generation of intracellular Ht. Intraceliular [Ht] has been shown to increase 

from 100 nmol/L at rest to 300 nmol/L following intense exercise (Jones et al., 

1985). Large increases in intracellular [Ht] has been implicated in the fatigue 

that occurs during intense exercise of short duration. It has been suggested 

that fatigue can occur at several locations: (1) excitation-contraction coupling 

(Fabiato and Fabiato, 1978); (2) actin and myosin cross-bridging (Nosek et al., 

1987); (3) inhibition of glycolytic metabolism at phosphorylase (Chasiotis et al., 

1982) and phosphofructokinase (Trivedi and Danforth, 1966); and (4) the 

impairment of ionic pumps in the sarcolemma and sarcoplasmic reticulum 

(Nakamura and Schwartz, 1972). 

Muscular contraction is associated with large increases in rates of 

glycolytic and oxidative metabolism, leading to rapid entry of lactate (Lac-) and 
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carbon dioxide (CO) into venous blood draining exercising muscles. Water 

also shifts from blood to contracting muscle, resulting in increased plasma 

protein concentration and increased interstitial and intramuscular fluid volumes 

(Sjogaard et al., 1985; Kowalchuk et al., 1988; Lindinger and Heigenhauser, 

1988). These water shifts, together with exchanges of ions, such as Nat, KT, 

Mg2t, and Cl-, between working muscle and blood (Sjogaard et al., 1985; 

Kowalchuk et al., 1988; Lindinger and Heigenhauser, 1988; Lindinger and 

Heigenhauser, 1990), contribute to changes in extracellular and intracellular 

ion concentrations. According to Stewart (1981, 1983), changes in PCOs, and 

concentrations of strong ions and weak electrolytes within cells and in plasma 

directly affect [H*]. 

Metabolic energy sources during exercise 

Muscular contraction requires the transformation of chemical energy to 

mechanical energy within muscle cells. This is accomplished by the release of 

energy from high energy phosphate bonds in adenosine triphosphate (ATP) 

during hydrolysis to adenosine diphosphate (ADP) and inorganic phosphate 

(Sahlin, 1986). Because, the small amount of ATP within muscle cells is not a 

quantitatively important energy store, it must be resynthesized as it is utilized. 

Consequently, ATP can be considered a metabolic intermediary in the energy 

flow from stored energy compounds (primarily carbohydrates and fats) during 

muscle contraction. Four biochemical pathways available for production of 

ATP: (1) transfer of high energy phosphate bonds from phosphocreatine (PCr) 
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to ADP; (2) breakdown of glycogen to lactic acid (glycolysis); and, (3) complete 

oxidation of glucose; and (4) oxidation of fatty acids. Each of these energy 

producing processes differ in the amount and rate of energy provided, and the 

relative contribution of each of these energy sources varies with the intensity 

and duration of exercise (Sahlin, 1986). 

In spite of high rates of energy turnover, muscle ATP stores in human 

beings seem to be relatively resistant to change (Hultman and Sjoholm, 1983); 

however, a few studies have reported decreased content during intense 

dynamic exercise (Hultman et al., 1967; Sahlin et al., 1978; Boobis et al., 

1983). Decreases in ATP content during exercise have been reported in rats 

(Meyer and Terjung, 1979) and horses (Snow et al., 1985). Although, some of 

these decreases may have been overestimated if no allowance was made for 

blood and water content changes within muscle during exercise, decreases in 

ATP content were observed in two studies where this was considered (Sahlin 

et al., 1978; Snow et al., 1985). 

Phosphagen system: The role of PCr is to rephosphorylate ADP to ATP 

rapidly. The phosphagen system, composed of phosphocreatine together with 

ATP, is important during single convulsive or supramaximal exercise of short 

duration (Sahlin, 1986). Concentration of PCr differs between major muscle 

fiber types, and is highest in low oxidative muscle fibers (Gollnick, 1988). A 

decrease in PCr was observed at 50% of maximal oxygen uptake (VOomax) in 

human beings (Katz et al., 1986), and PCr progressively decreased with 

increased exercise intensity in human beings (Hultman et al., 1967). Early 

results in racing Standardbred horses suggested that stores of PCr and ATP 
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were not depleted during maximal exercise (Lindholm and Piehl, 1974; 

Lindholm and Saltin, 1974). However, muscle biopsies were obtained 2 to 3 

minutes after completion of the exercise, so some repletion of stores may have 

occurred. Decreases in intramuscular ATP levels have been observed in 

Thoroughbred horses (Harris and Snow, 1984; Snow et al., 1985), and 

decreases in intramuscular ATP and PCr levels have been observed in 

Standardbred and Thoroughbred horses after high intensity exercise (Valberg, 

1987). 

Glycolysis and lactate formation: The glycolytic pathway can also 

replenish ATP through metabolism of glucose-6-phosphate originating from 

either glycogen stored in muscle cells or from glucose taken up from blood. 

Pyruvate formation is associated with stoichiometric reduction of nicotinamide 

adenine dinucleotide (NAD*t to NADH) by. glyceraldehyde-phosphate 

dehydrogenase. The NADH formed is oxidized by lactate dehydrogenase within 

the cytoso! during formation of lactate from pyruvate. The rate of ATP 

repletion through this process is approximately one-half of that from 

phosphagen system alone (Sahlin, 1986). 

Glucose oxidation: Pyruvate can also be metabolized further within 

mitochondria through the tricarboxylic acid (TCA) cycle, or Kreb's cycle, and 

oxidative phosphorylation with the oxidation of NADH to generate ATP. Rate of 

generation of ATP from complete glucose oxidation is about one-half of that 

generated by the process of lactate formation alone and one-fourth of that from 

the phosphagen system alone (Sahlin, 1986). 
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Fatty acid oxidation: Another substrate for energy production through 

oxidation is long-chain fatty acids from triglycerides either stored within muscle 

cells or transported by blood from adipose tissue. The catabolic sequence 

which metabolizes fatty acids produces acetyl CoA, which enters the TCA cycle 

and subsequently forms ATP through oxidative phosphorylation. Oxidation of 

fatty acids yields about one-half the power produced by glucose oxidation 

alone and one-eighth of that from the phosphagen system alone (Sahlin, 1986). 

Diets for athletic horses 

Optimal diets for athletic horses should provide the required energy and 

essential nutrients, and optimal proportions of fuels. Optimal diets should also 

facilitate utilization of fuels, minimize weight and bulk of bowel contents, 

maintain hydration and electrolyte balance. In general, these diets can consist 

of (1) more of the maintenance ration, (2) a less bulky, nutrient-dense ration, 

and (3) a ration enriched for work specifically with carbohydrate or fat (Ferrante 

and Kronfeld, 1992). | 

As the work load is increased with exercise, energy may become a 

limiting factor. The need for increased energy intake can be met by increasing 

the daily ration in line with energy requirements while keeping proportions of 

ingredients the same as for maintenance. in this approach, any increased 

needs for essential nutrients would be met by increased food intake, assuming 

there are no increased needs for specific nutrients relative to energy. 
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When high energy requirements cannot be met by increasing the intake 

of a maintenance diet alone, nutrient-dense diets can be fed. Diets containing 

low fiber content, however, have two potential limitations in horses. First, they 

may reduce the capacity of the large bowel and its contents to act as a resevoir 

for water and electrolytes (Argenzio et al., 1974; Argenzio, 1975; Coenen and 

Meyer, 1987; Meyer and Coenen, 1989). This is particularly important during 

endurance competition under hot ambient conditions when horses are more 

vulnerable to dehydration (Carlson, 1979; Rose et al., 1980). Another potential 

problem is that nutrient-dense diets are often given as two or three large meals 

per day. The rapid ingestion of large concentrated meals has been shown to 

cause distinct physiologic perturbations in horses (Argenzio et al., 1974; Clarke 

et al., 1988, 1990; Hammond and Purohit, 1988) which are related to 

gastrointestinal function, and may contribute to digestive disorders (Argenzio, 

1975; Clarke et al., 1988, 1990). 

Diets enriched for work are either high in carbohydrates or fats, and 

represent two alternative nutritional strategies: glycogen loading (Bergstrom et 

al., 1967), which raises liver and muscle glycogen content before exercise, and 

fat adaptation (Miller et al., 1984), which spares glycogen utilization during 

exercise. These strategies will be discussed in more detail under separate 

headings. 

High carbohydrate diets: Glycogen loading, also called carbohydrate 

loading and glycogen supercompensation, is used by human athletes to 

increase the amount of resting muscle glycogen (Gollnick, 1985). 

Carbohydrate rich diets increase glycogen stores in muscle of human beings 
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and have a beneficial effect on performance time (Bergstrom et al., 1967). 

Muscle glycogen content in Thoroughbred horses at rest is elevated 

above that found in normal human beings (Hultman, 1967; Harris et al., 1974; 

Snow et al., 1985; Snow and Harris, 1991). Increases in glycogen content are 

observed in horses after carbohydrate-rich diets (Lindholm et al., 1974; Kline 

and Albert, 1981; Essen-Gustavsonn et al., 1984; Valberg, 1986; Essen- 

Gustavsonn et al., 1991), although it has not been shown to be effective for 

increasing performance of horses during high intensity exercise (Kline and 

Albert, 1981; Topliff et al., 1983, 1985; Pagan et al., 1987). 

During exercise glycogen content decreases in muscle fibers of horses 

(Lindholm et al., 1974: Snow et al., 1982; Nimmo and Snow, 1983; Hodgson et 

al., 1984a, b), and the amount of glycogen depletion has been shown to be 

related to the intensity of the work load (Lindholm et al., 1974; Nimmo and 

Snow, 1983). Glycogen depletion appears to be an important factor causing 

fatigue during endurance-type work in horses (Snow et al., 1982). During 

short-term anaerobic exercise in horses, 25-40% of resting glycogen is utilized 

(Hodgson, 1984a; Miller et al., 1985; Harris et al., 1987; Snow et al., 1987), 

and with prolonged exercise almost total depletion of glycogen in muscle fibers 

can occur (Snow et al., 1982). ‘The number of terminal glucosyl units available 

to phosphorylase may be more important in limiting glycogen degradation than 

the absolute content of glycogen within the muscle. There also appears to be 

an order in the manner that glycogen is depleted from different muscle fiber 

types (Snow et al., 1981; Hodgson et al., 1983; Essen-Gustavsson et al., 1984; 

Hodgson et al., 1984a; Valberg, 1986), with a selective depletion of glycogen 

within fast-twitch (Type Il) muscle fibers (Lindholm et al., 1974; Gollnick et al., 
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4974). 

High fat diets: Including fat in the diet increases the energy density of a 

ration without decreasing fiber content extensively. Benefits of fat 

supplementation in horses as a method of supplying energy for maintenance 

and growth without increasing carbohydrate intake has been demonstrated 

(Kane and Baker, 1977; Rich et al., 1981; McCann et al., 1987; Scott et al., 

1989). 

Endurance training increases the utilization of fat oxidation as an energy 

source during prolonged submaximal exercise (Holloszy et al., 1986b). This is 

demonstrated by lower respiratory exchange ratio or respiratory quotient (RQ) 

during exercise of the same intensity in trained individuals compared with the 

untrained state (Hurley et al., 1986). Adaptive changes that occur with training 

include increased mitochondria content (Holloszy and Booth, 1976) and 

mitochondrial enzyme activity (Costill et al., 1979; Jansson and Kaijser, 1982). 

Greater utilization of fat in the trained state in human beings also resulted in a 

decrease in muscle glycogen utilization (Hurley et al., 1986). 

Rats adapted to a high fat diet for 4 to 5 weeks, ran as long (Conlee et 

al., 1990) and longer (Miller et al., 1984) than carbohydrate-fed animals in spite 

of lower pre-exercise muscle and liver glycogen levels. Fat-adapted rats also 

showed a decrease rate of liver and muscle glycogen use and decreased blood 

lactate levels during exercise (Miller et al., 1984). Muscle activity of 3- 

hydroxyacyl CoA dehydrogenase (Miller et al., 1984; Nemeth et al., 1992), 

citrate synthase (Miller et al., 1984), malate dehydrogenase, and succinate 

dehydrogenase (Nemeth et al., 1992) were increased in rats after one week 
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adaptation to a high fat diet. These changes are consistent with overall 

amplification of lipid metabolism. Enzymes involved with beta-oxidation, 

however, changed to a greater extent than enzymes of the TCA cycle (Miller et 

al., 1984: Nemeth et al., 1992), and it appears that the TCA cycle maintains a 

constant operational level for handling fluctuations in substrates from either 

carbohydrate or fatty acids. 

Another adaptive response observed in rats fed a high fat diet is an 

increase in muscle triglyceride stores (Conlee et al., 1990) which apparently 

substitutes as a fuel source in the absence of adequate glycogen supply. 

Although training alone has an effect of sparing muscle glycogen and utilizing 

muscle triglyceride to a greater extent for energy in human beings during 

exercise, it does not cause an increase in triglyceride stores within muscle 

(Hurley et al., 1986). 

Attempts at improving performance of horses by feeding high fat diets 

have not been conclusive. Some studies indicate that fat rich diets may have 

beneficial effects on endurance type exercise by maintaining plasma glucose 

levels (Slade et al., 1975; Hintz et al., 1978; Hambleton et al., 1980; Webb et 

al., 1987). Resting muscle glycogen content in horses fed a high fat diet were 

either similar (Hambleton et al., 1980; Pagan et al., 1986), increased (Meyers 

et al., 1989; Scott et al, 1992; Oldham et al., 1990) or decreased (Greiwe et 

al., 1989) from controls. High fat diets had no significant effect on the amount 

of glycogen utilized during prolonged, submaximal exercise (Hintz et al., 1978: 

Hambleton et al., 1980; Pagan et al., 1987), except for one study which showed 

a significant glycogen sparing effect (Greiwe et al., 1989). One study observed 

increased muscle glycogen utilization in fat-supplemented horses after 
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performing high intensity exercise of four 600-m sprints (Oldham et al., 1990; 

Scott et al., 1992), while another study observed decreased muscle glycogen 

utilization in fat-supplemented horses during exercise at approximately 75% 

VOomax (Pagan et al., 1987). 

Increased fat oxidation during exercise may be beneficial in maintaining 

acid-base homeostasis. For a given metabolic energy production, less carbon 

dioxide is produced from fatty acid oxidation than from glucose oxidation 

(Ferrannini, 1988). This can be appreciated from the stoichiometry of the 

reaction for complete glucose oxidation: 

CgH 120g + 36 ADP + 36 Pi + 6 Op -—-> 36 ATP +6 CO2 +6 HO 

which produces 1 mole of COy for 6 moles of ATP regenerated, and for 

complete oxidation of a representative fatty acid (palmitate) : 

C4gHa20> + 129 ADP +129 Pi+2305 --> 129ATP +16 CO. +16 HO 

which produces 1 mole CQpz for 8 moles of ATP regenerated. 

Metabolic regulation in muscle 

Exercise involves integration of metabolic pathways within the muscle 

and external to the muscle to meet physiologic demands. Initially, energy for 

exercise is provided by substrate stores within muscle cells. With prolonged 
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exercise, however, substrates derived from sources outside the muscle are 

utilized to maintain exercise. 

Carbohydrate oxidation: Glycogen breakdown within muscle is activated 

rapidly at the onset of exercise, and is related to frequency of muscle 

contractions (Richter et al., 1982). Glycogenolysis within muscle is catalyzed 

by phosphorylase which exists in two forms, a phosphorylated active form 

(phosphorylase a) and a dephosphorylated inactive form (phosphorylase )). 

Phosphorylase b can become active in the presence of cAMP and Pi 

(Chasiotis, 1983; Ren and Hultman; 1990), or can be converted to active form 

phosphorylase a by phosphorylase kinase. Phosphorylase kinase is activated 

by Ca2t and low [H™] (Brostrom et al., 1971), and by phosphorylation catalyzed 

by cAMP-dependent protein kinase. With continued exercise, epinephrine and 

glucagon stimulate adenyl cyclase which increases cAMP (Drummond et al., 

1969) and phosphorylase kinsase activity. 

Glycogen stores are normally the main substrate supplier in contracting 

muscle during short-term exercise (Coyle et al., 1986; Stanley et al., 1988), 

while blood glucose provides about 20 to 40% of the substrate needs during 

submaximal exercise at 40 to 50% of VO2max (Stanley et al., 1988). Control of 

hepatic glucose production is through the reciprocal stimulation and inhibition 

by glucagon and insulin, respectively, and stimulation by catecholamines and 

glucocorticoids (Stanley and Connett, 1991). When muscle glycogen stores 

are reduced during prolonged exercise, blood glucose contributes to a greater 

extent towards energy requirements (Coyle et al., 1986). Beta-adrenergic 

stimulation of muscle glycogenolysis plays a role in determining the relative 
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amount that muscle glycogen and plasma glucose will contribute to ATP 

production. Blocking beta-adrenergic receptors in running dogs stimulated rate 

of blood glucose disappearance and decreased the fraction of glycolytic flux 

from glycogen (Issekutz, 1984). 

Insulin response varies between fiber types, with predominantly slow- 

twitch muscle displaying greater insulin-stimulated glucose uptake compared to 

fast-twitch muscles (Richter et al., 1984; James et al., 1985; Ploug et al., 1987). 

Glucose uptake into skeletal muscle is also stimulated by muscle contractions 

(Waliberg-Henriksson and Holloszy, 1984). Indirect evidence suggests that 

increased cytosolic Ca2+ during contraction stimulates glucose transport 

(Holloszy et al., 1986a) by translocation of glucose transporters from 

intracellular storage sites to the plasma membrane, and by increasing activity 

of these transporters (Goodyear et al., 1990a, b). 

Hexokinase acts as a regulatory step in the entry of glucose into the 

glycolytic pathway by phosphorylation of glucose to glucose-6-phosphate. 

Hexokinase, in turn, is inhibited by increases in glucose-6-phosphate levels. 

Glucose-6-phosphate is converted to fructose-6-phosphate, which is then 

phosphorylated to fructose-1,6-diphosphate by phosphofructokinase (PFK), an 

irreversible step in the glycolytic pathway which is under allosteric control. 

Oxidation of glyceraldehyde-3-phosphate involves reduction of NAD* to NADH. 

The NADH formed is either oxidized during the reduction of pyruvic acid to 

lactic acid or, if pyruvic acid enters the TCA cycle, by the electron transport 

system. Before pyruvic acid can enter the TCA cycle, it is oxidatively 

decarboxylated to acetyl CoA by the pyruvate dehydrogenase (PDH) 

multienzyme complex. 
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Fat oxidation: Lipolysis in adipose tissue is regulated by hormone- 

sensitive lipase which acts as an initial step for fat utilization. Glucagon and 

catecholamines activate adenylate cyclase and hormone-sensitive lipase 

through cAMP-dependent protein kinase. These effects are modulated by 

insulin, the principle antilipolytic hormone, which probably operates in part 

through activation of a phosphodiesterase which antagonizes the rise in cAMP 

(Murray et al., 1993). 

When muscle [H*] is increased in isolated muscle preparations (Spriet 

et al., 1985, 1986b) or during high intensity exercise (Essen, 1978; McCartney 

et al., 1985), intramuscular lipolysis occurs. During high intensity cycling 

exercise in human beings (Jones et al., 1980), plasma glycerol increased at the 

same time as radiolabeled fatty acid turnover was depressed, suggesting that 

intramuscular triglycerides are used when fatty acid supply from adipose tissue 

is unavailable. In the trained state, greater utilization of fatty acids in human 

beings is fueled by increased lipolysis of muscle triglycerides (Hurley et al., 

1986). 

Fatty acids in blood are bound to albumin and uptake into muscle cell 

occurs by diffusion down a concentration gradient (Gollnick, 1977). Lipoprotein 

lipase bound to capillary endothelium extracts fatty acids from chylomicrons in 

plasma, but this is probably not of any significance during exercise. 

Fatty acids taken up by muscle are first activated by formation of their 

CoA esters by fatty acyl CoA synthetase. Transport of fatty acids into 

mitochondria requires their conversion to acyl carnitine esters catalyzed by 

carnitine acyltransferase, which is probably the rate limiting step to fatty acid 
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oxidation during exercise (Oram et al., 1975). Fatty acyl CoA is regenerated 

within mitochondria, and is oxidized to acetyl CoA by a series of mitochondrial 

enzymes which sequentially removes 2-carbon units and produces hydrogen 

in a process known as beta-oxidation. The hydrogen is transferred to the 

respiratory chain via FADH>2 and NADH for oxidative phosphorylation and ATP 

formation. 

Pathway integration: Glycolysis plays a role independent of its function 

as a backup source of ATP when oxidative phosphorylation rates are 

insufficient for the demand. Glycolytic rate, under steady-state conditions, is 

regulated to maintain tissue lactate concentrations by compensating for losses 

of lactate to oxidation and efflux out of the cell (Connett et al., 1986). Tissue 

lactate concentration functions as a redox buffer, providing readily accessible 

reducing equivalents and carbons for mitochondria in support of oxidative 

phosphorylation (Connett et al., 1983, 1984, 1985; Stainsby and Brooks, 1990). 

Phosphofructokinase (PFK) may play a critical role in coupling glycolysis 

to a number of metabolic pathways. Activity of PFK depends on fructose-6- 

phosphate concentration, and is inhibited by ATP and citrate, and is activated 

by ADP, AMP, and Pi. Increases in [Ht] can affect kinetic and structural 

organization of the enzyme (Trivedi and Danforth, 1966; Bock and Frieden, 

1976). As ATP demand approaches the capacity of mitochondrial oxidative 

phosphorylation, glycolysis acts as a reserve ATP supplier (Stanley and 

Connett, 1991). 

Glucose uptake, glycogenolysis, glycolysis, and pyruvate oxidation are 

partially inhibited by oxidation of fatty acids in skeletal muscle and heart 
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(Randle et al., 1963; Jansson and Kaijser, 1984). Partial inhibition of glucose 

uptake by free fatty acid oxidation was confirmed in studies using well-perfused 

rat hindlimb preparations (Rennie and Holloszy, 1977). Fatty acid oxidation in 

muscle raises intracellular concentrations of important allosteric regulators of 

glycolysis and pyruvate oxidation such as acetyl CoA, citrate and glucose-6- 

phosphate. An important factor in this sequence is accumulation of citrate, 

which inhibits PFK activity, and results in glucose-6-phosphate accumulation 

and inhibition of hexokinase and phosphorylase b. 

The major catabolic pathways for carbohydrates and fats converge at 

the TCA cycle, the final pathway responsible for the complete oxidation of 

acetyl units. A multienzyme complex containing pyruvate dehydrogenase 

(PDH) has the potential to be a key regulator in influencing the balance 

between fat and carbohydrate as metabolic fuels, and in lactate production 

(Jones and Heigenhauser, 1992). The PDH enzyme exists in two forms: an 

inactive phosphorylated form which is catalyzed by PDH kinase, and an active 

dephosphorylated form, catalyzed by PDH phosphatase. Elevated 

concentration ratios of acetyl CoA/CoA and NADH/NADT increases the activity 

of PDH kinase (Wieland, 1983), which then decreases the activity of the PDH 

complex (Cooper et al., 1975; Pettit et al., 1975; Wieland, 1983). Increased 

PDH enzyme activity occurs through increases in pyruvate and ADP which 

inhibits PDH kinase, and increases in intracellular Ca2* and Mg2* content 

which activates PDH phosphatase. 

Carnitine is important as a transporter of long chain fatty acids into 

mitochondria, and in the regulation of mitochondrial acetyl CoA:CoA ratio. 

Carnitine stores acetyl groups as acetyicarnitine, and may help maintain 
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activity of PDH complex by acting as an acceptor for acetyl groups from acetyl 

CoA. Acetylcarnitine content within skeletal muscle increases during high 

intensity exercise of short duration in human beings and horses (Lennon et al., 

1983; Carlin et al., 1986; Foster and Harris, 1987; Harris et al., 1987; Harris 

and Foster, 1990), and in human beings at 75 and 100% of VOomax (Sahlin, 

1990). During treadmill exercise of increasing intensity in Thoroughbred 

horses, formation of both acetyl CoA and acetylcarnitine reach a plateau at 

high work intensities (Carlin et al., 1990), and there was a significant 

relationship between the amounts of the two compounds in contracting muscle. 

A reduction in malonyl CoA in exercising muscle during prolonged 

submaximal exercise is probably a contributing factor in increasing fatty acid 

oxidation in muscle (Winder et al., 1989). Malonyl CoA serves as a regulatory 

molecule to inhibit fatty acid oxidation through inhibition of carnitine 

acyltranferase activity. 

Acid-base evaluation 

Comprehensive physicochemical approach: Stewart (1981, 1983) 

emphasized the importance of physicochemical interactions between 

independent (strong ions, weak electrolytes, PCO.) and dependent variables 

(H* and HCO37) in acid-base analysis. Physicochemical analysis is 

developed by the application of four isolated solutions containing: (1) pure 

water, (2) strong ions, (3) weak electrolytes, and (4) COQ»5. Independent 

variables can be measured, and then used to solve a series of equations to 
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obtain concentrations of the dependent variables . These series of equations 

must satisfy three fundamental physicochemical requirements: (1) maintenance 

of dissociation equilibria, (2) maintenance of electroneutrality; and (3) 

conservation of mass (Stewart 1981, 1983). 

(1) Solutions containing pure water: Water has a tendency to dissociate 

into its constituent ions, and at equilibrium, the law of mass action will describe 

this relationship as: 

[H*] x [OH*] = K x [H 90] (1) 

Since [HO] is altered only slightly, it can be considered a constant and 

combined to form the constant K'w, the ion product of water. The water 

dissociation equation is then: 

[H*} x [OH] = K'w (2) 

(2) Solutions containing strong ions: Strong ions are fully dissociated in 

aqueous solutions. In body fluids at physiologic pH, the main strong ions are 

sodium (Nat), potassium (K*), chloride (ClI-), calcium (Ca2*), magnesium 

(Mg2*), and lactate (Lac”). The effect of strong ions may be expressed as the 

sum of the strong cation and anion charges, or the strong ion difference ([SID)]). 

The equation describing the maintenance of electroneutrality (Stewart 1987, 

1983) is: 

Review of Literature 19



[SID] + [H+] - [HCO37] - [A] - [CO32-] - [OH] = 0 (3) 

Exchanges of strong ions such as Nat, Kt, Mg@t+ and Cl- between 

contracting muscle and plasma (Hermansen et al., 1984; Medbo and Sejersted, 

1985; Sjogaard et al., 1985; Kowalchuk et al., 1988; Lindinger and 

Heigenhauser, 1988, 1990), together with water shifts, contribute to changes in 

extracellular and intracellular ion concentrations during exercise. 

(3) Solutions containing weak electrolytes: Weak electrolytes are 

partially dissociated in solution at physiologic pH, and the dissociated and 

undissociated species ((H*], [A], and [HA]) must satisfy the dissociation 

equilibrium (Stewart 1981, 1983): 

[H*] x [A‘] = Ka x [HA] (4) 

where Ky is the weak acid dissociation constant. The effect of weak 

electrolytes in any site is dependent on total concentration of weak electrolytes 

({[Aiot]). Since there can be no change in [A;g;] except by mass transfer of 

either the dissociated or undissociated species into or out of solution, [Ato] is 

considered an independent variable. Since these changes occur slowly and 

[Atot] remains relatively constant , conservation of mass must be observed: 

[HA] + [A] = [Atotl (5) 
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Proteins, especially albumin, accounts for the greatest portion of [Ajo¢] in 

plasma. Total protein content can be altered either by loss from the body (i.e., 

kidney, gastrointestinal tract, wounds) or by alteration in the water content (i-e., 

dehydration, overhydration, water shifts within the body). Buffering capacities 

of proteins reside in the ionizable nature of their terminal carboxyl and amino 

groups and the ionizable properties of various amino-acid residue side chains. 

The pKg of a given ionizable side chain can vary; however, in many proteins 

the imidazole groups of histidine and the N-terminal amino groups have a 

dissociation constant sufficiently close to 7.4 to enable these proteins to 

function as effective buffers. 

(4) Solutions containing CO»: Because body fluids operate as an open 

system in which plasma PCO, is regulated mainly by the lungs and kidneys, 

PCO, is considered an independent variable When CQbz is dissolved in 

aqueous solution, four molecular species are present (Stewart 1981, 1983), 

dissolved CO» (dCO>), carbonic acid (H2CO3), bicarbonate ion (HCO37), and 

carbonate ion (CO32°): 

dCOs + HzO <---> HoCOg <---> Ht + HCO,” <---> Ht + Ht + CO42- (8) 

The first dissociation equilibrium is the formation of bicarbonate ton: 

[H*] x [HCO37] = Ke x PCO, (7) 

where Kc is the dissociation constant. 
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Bicarbonate ion then dissociates to CO32-, and the dissociation 

equilibrium equation is: 

[H*] x [CO3*-] = Kg x[ HCO37] (8) 

where Kg is the dissociation constant. 

The equations listed below summarize the systems of pure water, and 

solutions containing strong ions, weak acids, and dissolved CQ»o, and the 

quantitative constraints of equilibria, mass conservation, and electrical 

neutrality that are imposed on the components described above: 

(a) Water dissociation equilibrium . 

[H*] x [OH-] = K'w 

(b) Weak electrolyte dissociation equilibrium 

[H*] x [A] = Ka x [HA] 

(c) Conservation of mass for weak acids 

[HA] + [A] = [Atotl 

(d) Bicarbonate ion formation dissociation equilibrium 

[H*] x [HCO3"] = Ke x PCO> 

(e) Carbonate ion formation dissociation equilibrium 

[H*] x [CO32-] = Kg x [HCO3] 

(f) Electrical neutrality 

[SID] + [H*] - [HCO37] - [A] - [CO3%] - [OH] = 0 
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These six independent equations, containing three independent variables 

([SID], [Ato], PCO.) that can be measured and six unknown dependent 

variables ((H*], [OH-], [HCO37], [CO32-], [A], [HA]), can be solved 

simultaneously to obtain [H*]: 

[H*]4 + ([SID] + Ka) x [H*]> 

+ (Ka x ({SID] - [Atot]) - (Ke x Pog) + K'w)) x [H*}? 

- (Kp ((Kg x PCOg) + K'w) - (Kg x Ke x PCO9)) x [H*] 

- Ka X Kg X Ke X PCOn = O 

This final equation contains three known independent variables ([SID], [Ato¢], 

PCO>), four dissociation constants (K'w, Ka, Ke, Ks) and one unknown 

dependent variable ([H*]), which can now be solved. 

Conventional approach versus physicochemical systems approach: 

There is some controversy regarding the application of the comprehensive 

physicochemical systems approach to acid-base evaluation (Cameron, 1989). 

The conventional approach to acid-base balance emphasizes the Henderson- 

Hasselbach equation : 

pH = pK'g + log ([HCO37] / [dCO>)) 

where pK'a is 6.1 (Siggaard-Andersen, 1962). Because plasma dCO> is 

dependent on PCOs, the Henderson-Hasselbach equation can also be written: 
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PH = pk’, + log ([HCO37]/[S x PCO9)) 

where S is the solubility coefficient of CO2 in water (3 x 10° Eq/L per mmHg at 

37 C). 

The Henderson-Hasselbach is a simple equation, requiring the 

measurement of two variables: pH ([H*]) and PCO>. However, this equation 

describes the equilibrium dissociation which forms bicarbonate, and is only one 

of the six independent equations, previously described, that define the 

behavior of [H*] in biologic fluids. Although the Henderson-Hasselbach 

equation is important and has an application in calculating [HCQ3/], it does not 

explain the behavior of [Ht] or other dependent variables, such as [HCO3] 

itself. Since all dependent variables are affected by any change in 

independent variables, all six equations are important. 

The comprehensive physicochemical approach requires’ the 

measurement of PCO», total weak electrolytes, and strong ions, and requires 

six equations be solved simultaneously (Stewart 1981, 1983). | While the 

Henderson-Hasselbach equation emphasizes the importance of PCO, in acid- 

base equilibrium, the comprehensive physicochemical approach emphasizes 

the importance of all three independent variables. Changes in strong ions 

(Rose et al., 1980; Snow et al., 1982; Kerr and Snow, 1983) and weak 

electrolytes McAuliffe et al., 1986; Rossing et al., 1986; 1988) are not 

recognized in the Henderson-Hasselbach equation. Changes in concentration 

of both weak electrolytes and strong ions due to water shifts alone, with no 

change in absolute content of these ions, can also affect [H™]. 

Only strong ions that appear to be relatively important are often 
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measured, and other strong ions may be overlooked under certain physiologic 

conditions. Total weak acids are difficult to measure, and plasma protein 

content is often used to represent plasma [Aj]. The equilibrium constants 

used in the physicochemical approach are dependent on osmolarity, tonic 

strength and temperature of the solution, along with the presence of specific 

ions within solution (Edsall and Wymann, 1958; Harned and Owen, 1958). 

Although, concentrations of ions are measured and used, activities or effective 

concentrations would be more correct in determining reaction rates or 

equilibrium constants. The "apparent' ionization constant (K'a) used in the 

Henderson-Hasselbach equation is also an estimate and has the same 

limitations. 

The conventional four terms used in acid-base physiology (metabolic 

acidosis and alkalosis, and respiratory acidosis and alkalosis) refer to 

conditions in the body that primarily affect plasma [HCO37] as "metabolic" and 

those that primarily affect plasma PCO, as "respiratory". Plasma PCO, in 

arterial blood characterizes respiratory contributions; however, venous PCO» 

represents a combination of respiratory and metabolic (COQ, production) 

components. In general, plasma [HCO,7] calculated from the Henderson- 

Hasselbach equation is used as a measure of metabolic derangements of acid- 

base balance. However, the Henderson-Hasselbach equation does not assess 

the relative importance of [SID], PCO>, and [Ato] to changes in [H*] and 

[HCO3°7]. 

The comprehensive physicochemical systems approach offers an 

Opportunity to describe interrelationships between changes in plasma and 

changes tissues (Kowalchuk et al., 1988; Lindinger et al., 1990, 1992). This 
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method would also be important in understanding whole body acid-base 

balance since regulation of [H*] occurs through the exchange of strong ions 

between plasma and other compartments. Simpler methods are difficult to 

apply to intracellular solutions since there are large differences in strong ions 

and weak acids between plasma and intracellular compartments. 

Erythrocytes 

Hematocrit and induced erythrocythemia: Induced erythrocythemia, or 

blood doping, in human beings is a method to increase the number of 

circulating erythrocytes per unit volume of blood. The intent is to deliver more 

oxygen to working tissues and thereby increase VOom4, and aerobic 

endurance performance (Spriet, 1991). The increase in number of erythrocytes 

per unit volume blood is associated with a concomitant increase in the 

concentration of hemoglobin, the protein responsible for carrying oxygen in 

blood. This procedure increases VOgma, and improves aerobic endurance 

performance in human beings (Buick et al., 1980; Williams et al., 1981; Goforth 

et al., 1982: Robertson et al., 1982; Thomson et al., 1982). Lowered heart rate, 

blood pressure, and venous and arterial lactate concentrations, and higher 

venous and arterial pH values at a standardized submaximal power output 

following blood doping have been reported (Ekblom et al., 1976; Buick et al., 

1980; Cesling et al., 1987; Robertson et al., 1982, 1984: Spriet et al., 1986a). 

Enhanced buffering capacity of the arterial blood may also contribute to the 

improved arterial acid-base status (Buick et al., 1980). 
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Autologous blood doping occurs in horses during exercise. Increases in 

erythrocyte indices are seen after exertion in horses, and are attributable 

largely to splenic contraction and partly to reduction in plasma volume 

(Persson, 1967; Persson et al. 1973a, b; Stainsby et al., 1984; McKeever et al., 

1993). In horses, the spleen acts as a reservoir, storing 50 to 60% of total 

body erythrocytes (Persson et al. 1973a, b), which are released into circulation 

within minutes during excitement or exercise (Cardinet, 1964: Torten and 

Schalm, 1964; Archer and Clabby, 1965; Meagher and Tasker, 1972; Persson 

et al., 1973a, b; Stewart et al., 1977; Keenan, 1980). Cells released from the 

spleen either during exercise or after exogenous epinephrine stimulation have 

similar characteristics to those in the resting circulation (Snow and Martin, 

1990). 

Even under carefully standardized conditions to ensure that the horse 

has been at rest and to prevent excitement, considerable variations can be 

expected in erythrocyte parameters in blood collected repeatedly in the same 

horse (Persson, 1969). Horses treated with acetylpromazine maleate showed 

a decrease in hematocrit response (Dalton, 1972; Meagher and Tasker, 1972: 

Jeffcott, 1974), which was probably due to relaxing effect of tranquilization 

which caused erythrocytes to remain sequestered in the spleen. 

Increased circulating erythrocyte number can impede erythrocyte 

movement and increase blood viscosity. Reduced erythrocyte deformability, 

increased hemoglobin concentration within the erythrocyte (i.e., erythrocyte 

dehydration), enhanced erythrocyte aggregation and increased plasm total 

protein concentration also can contribute to increased viscosity (Bartoli et al., 

1982; Chein, 1987). Plasma total protein increased by 35% and mean 
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corpuscular hemoglobin concentration (MCHC) in Thoroughbred horses after 

racing (Coyne et al., 1990; McClay et al., 1992) 

Erythrocytes and acid-base homeostasis: Whole blood behaves as a 

two compartment system, plasma and erythrocytes, with two distinct 

physicochemical systems separated by a membrane through which gases 

diffuse freely but is only selectively permeable to strong ions and weak 

electrolytes. Since there is a marked difference between erythrocytes and 

plasma with respect to ion concentrations and buffering characteristics, these 

two compartments may be expected to play different quantitative roles in 

distribution of ions within blood and in acid-base control during exercise. 

Plasma rapidly circulates throughout all body tissues, particularly exercising 

muscle (Parks and Manohar, 1983), and is the final common pathway for all ion 

and gas exchanges between intracellular fluid, interstitial fluid, and plasma. 

Because erythrocytes consist of a separate compartment with its own 

physicochemical system, it cannot affect plasma [H*] directly (Stewart, 1981): 

however, changes in independent variables within erythrocytes can influence 

movement of H+ across erythrocyte membranes. Strong ions and weak 

electrolytes are not homogenously distributed between erythrocytes and 

plasma. (Goodwin, 1956; Coldman and Good, 1967; Heath and Rose, 1969; 

Boning et al., 1976; Buono and Yeager, 1986; Hespel et al., 1986; Castellini 

and Castellini, 1989; Harris and Dudley, 1989; Kaneko, 1989; Foxdahl et al., 

1990; MckKelvie et al., 1991; Lindinger et al., 1992), and changes in [SID], 

PCOo, and [Ato] within erythrocytes can be altered by movement of ions, PCO» 

and water across the membrane. 
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During repeated bouts of exercise, erythrocytes released K* and Lac’, 

and took up Nat and CI- as blood traversed less active muscle (Heigenhauser 

et al., 1987). Although venous erythrocyte [K*] sampled from the arm did not 

change during incremental exercise at 60% of maximal exercise capacity on a 

bicycle ergometer, venous erythrocyte [Kt] decreased at 80% of maximal 

exercise capacity (Hespel et al., 1986). Arterial erythrocyte [Kt], [Cl"], and 

[Lac-] increased (Heigenhauser et al., 1987; McKelvie et al., 1987, 1991; 

Lindinger et al., 1992), and erythrocytes carried 90% of total increase in whole 

blood [Kt] and 32% of total increase in whole blood [Lac”] (McKelvie et al., 

1987), during repeated bouts of exercise at maximal intensity. Harris and 

Dudley (1989) observed a difference between plasma and erythrocyte [Lac7] at 

rest, which increased following exercise. Buono and Yeager (1986), however, 

reported similar plasma and erythrocyte [Lac™] during rest and exercise < 50% 

VOomax: but a significant plasma-to-erythrocyte difference at exercise > /5% 

VO2max: 

Sodium bicarbonate supplementation 

Onset of fatigue during exercise has been attributed in part to 

accumulation of Ht in muscle cells (Maclaren et al., 1989). Extracellular 

alkalosis has been proposed to facilitate efflux of H* from muscle, thereby 

reducing intracellular acidosis and offsetting fatigue (Mainwood and Cechetto, 

1980). This proposed mechanism is supported by evidence of accelerated 

recovery after repeated contractions of isolated muscle bathed in high 
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concentrations of HCO,” (Mainwood and Worsely-Brown, 1975; Mainwood and 

Cechetto, 1980), and delayed recovery associated with impeded Ht efflux from 

isolated muscle deficient in extracellular HCO3- (Mainwood and Lucier, 1972). 

During contraction, extracellular alkalosis reduces intracellular 

accumulation of Lac” in isolated frog sartorius (Mainwood and Worsley-Brown, 

1975; Seo, 1984), dog gastrocnemius (Hirsche et al., 1975), and rat hindlimb 

(Spriet et al., 1986b). Alkalosis also decreased intramuscular accumulation of 

Lac” in human beings during exercise (Davies et al., 1986; Sutton et al., 19871). 

Extracellular metabolic alkalosis had no significant effect on muscle glycogen 

utilization or total lactate production in isolated rat hindlimb muscle during 

electrical stimulation (Spriet et al., 1986b). Despite similar production of lactate 

in these two conditions, there was a greater efflux and lower accumulation of 

lactate in muscle during alkalosis. Extracellular alkalosis affected intracellular 

ionic status in both rest and intermittent tetanic stimulation in isolated perfused 

rat hindlimb, increasing intracellular Cl- and Na* concentrations at rest, while 

reducing loss of intracellular Kt and increasing Lac” flux from muscle cells 

during contractions (Lindinger et al., 1990). 

Lactate efflux across muscle membranes may be a process of simple 

diffusion, either directly as the associated form (H-Lac) or as the undissociated 

form (Lacy), or of carrier-mediated diffusion involving an anionic 

monocarboxylate carrier, anionic exchange mechanism or Lac”/proton symport 

(Juel, 1988; Mason and Thomas, 1985; Putnam et al., 1986). Diffusion of 

lactate by any mechanism, however, appears to be affected by Ht 

concentrations (Hirsche et al., 1975; Mainwood and Worsley-Brown, 1975; 

Seo, 1984). If simple diffusion were a major route, then increasing Ht 
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would increase undissociated form and affect rate of transfer. lf the 

dissociated form were gaining entry via channels or carrier-mediated 

molecules, altering the charge of amino groups or conformation of channel! or 

carrier proteins could change Lac” permeation. 

A common method of inducing alkalosis is by oral or intragastric 

administration of sodium bicarbonate (NaHCOs3), usually with a large quantity 

of water. Increase in plasma [HCO3"] observed after NaHCO administration is 

often attributed to direct absorption of HCO, from the intestine, however, 

changes in independent variables, particularly strong ions, should be 

considered (Heigenhauser and Jones, 1991). When admininstered 

intragastrically, NaHCO3 dissociates to Nat and HCO3°, and Na? is absorbed 

from the small intestine. The movement of Na* out of the lumen decreases 

intestinal [SID], which influences an increase in [H*] within the lumen. Through 

maintenance of the dissociation equilibrium, H* combines with HCO" to form 

CQ», which diffuses across the gut epithelium (Feldman et al., 1984). Once in 

plasma, the absorbed CO, is hydrated to form HCO" and H*. Consequenty, 

the net result of intragastric administration of NaHCQ3 is an increased plasma 

[SID] through absorption of Na*, and it is the change in plasma [SID] which 

causes the increase in [HCQ3"] observed. 

Sodium bicarbonate administration prior to exercise in human beings 

has produced inconsistent performance results (Matson and Tran, 1993). 

Alkalosis induced by ingestion of NaHCQ3z almost doubled the duration 

subjects could cycle at 95% of VOomax (Jones et al., 1977; Sutton et al., 1981; 

lwaoko et al., 1989). Competitive varsity athletes ran significantly faster over 

800 meters following ingestion of NaHCO, than with a placebo or under 
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control conditions (Wilkes et al., 1983); however, there was no effect of sodium 

bicarbonate on 800-meter running performance in untrained university students 

(McKenzie et al., 1986). Laboratory studies have shown no effect of NaHCO, 

loading on maximal power output during progressive cycling (Kowalchuk et al., 

1984), total work output during 30 seconds of maximal cycling (McCartney et 

al., 1983), total work during cycling at power outputs equivalent to 125% of 

VOomax (Katz et al., 1984), or total work during 2 minutes of maximal isokinetic 

cycling (Horswill et al., 1988). With repeated bouts of heavy exercise, 

performance was improved during the final exercise bout after NaHCO loading 

compared to control conditions (Costill et al., 1984; Wijnen et al., 1984). In 

summary, NaHCO; loading in human beings appeared to have an effect in 

studies that used performance trials with a large anaerobic component, large 

doses of NaHCOs, or repetitive work bouts (Matson and Tran, 1993). 

Dosages of NaHCO; administered to horses have ranged from 300 to 

1000 mg per kg body weight (Kelso et al., 1987; Lawrence et al., 1987, 1990; 

Greenhaff et al., 1991a, b, c; Lloyd et al., 1993). Although NaHCQz, loading in 

horses produces metabolic alkalosis (Kelso et al., 1987; Lawrence et al., 1987, 

1990; Greenhaff et al., 1991a,b), studies have not demonstrated an effect on 

performance in treated animals as compared to controls (Kelso et al., 1987; 

Lawrence et al., 1987; Greenhaff et al., 1991a, b). When Standardbred horses 

raced for at least two or more minutes, improvement was observed in 8 horses 

administered NaHCOz; however, improvement was also shown in 6 of the 

horses when the placebo was administered (Lawrence et al., 1990). Run time 

to fatigue in Thoroughbred horses at maximal intensity was 33% greater when 

horses were administered NaHCO3 compared to equimolar dose of sodium 
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chloride (Lloyd et al., 1993); however, when the same study was repeated 

comparing NaHCQz3 treatment to no treatment, run time was 22% shorter when 

horses were administered NaHCO3. In conclusion, intragastric administration 

of NaHCO, produces metabolic alkalosis in horses; however, there has been 

no convincing studies to date that have shown NaHCO, loading improves 

performance in horses. 
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Journal Paper 1. Evaluation of blood lactate concentration during 

Journal Paper 1. Evaluation of blood lactate 

repeated sprint exercise in horses adapted to a high fat diet and 

supplemented with sodium bicarbonate. 

Abstract 

Changes in venous blood lactate concentration ([Lac-]) were followed 

during repeated sprint exercise tests in eight conditioned Arabian horses, 

randomly divided into two dietary groups, control and high fat. Two horses 

from each group received sodium bicarbonate (NaHCO3; 300 mg/kg body 

wt) dissolved in water (8.8ml/kg body wt) 1.5 hours prior to the exercise test; 

the remaining horses received equal volume of water. Treatments were 

reversed for the second exercise test; horses remained on the respective 

diets throughout the study. 

Increase in blood [Lac] during exercise was greater when horses 

received NaHCO3z compared to water prior to exercise (P=0.0024). Plasma 

[Nat] (P=0.0001) and strong ion difference ({[SID]) (P=0.0054) were higher 

during exercise when horses were given NaHCQOg prior to exercise 

compared to plain water. During exercise, plasma [H*] was lower 

(P=0.0014) and [HCO37] was higher (P=0.0001) when horses were given 

NaHCO3 compared to water. 

Increase in blood [Lac™] during exercise was greater in fat-adapted 

horses compared to horses fed the control diet (P=0.0240). Plasma Pcos 

was lower and decreased at a greater rate with progressive sprints 
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(P=0.0001) during exercise in fat-adapted horses compared to horses fed 

the control diet. 

The combination of diet (fat or control) and treatment (NaHCO: or 

water) had an effect on blood [Lac”] during exercise (P=0.0276), with highest 

blood [Lac-] observed in fat-adapted horses given NaHCO3 compared to 

other diet/treatment combinations (P<0.05). 

Introduction 

During exercise, increased glycolytic metabolism is associated with 

increased concentration of lactate ([Lac7]) and hydrogen ions ([H*]) within 

muscle cells, and with efflux of these products into venous blood. The onset 

of fatigue during muscular contraction has been attributed, in part, to the 

accumulation of H* within muscle ceils. Sodium bicarbonate (NaHCO3) 

administration prior to exercise and/or adaptation to a fat diet may facilitate 

exercise by modifying the changes in intramuscular and extracellular [H*]. 

Extracellular alkalosis has been proposed to facilitate efflux of H* 

from muscle, thereby reducing intracellular acidosis and offsetting fatigue 

(Mainwood and Cechetto, 1980). Extracellular alkalosis increases both the 

magnitude and rate of lactate efflux from muscle during contraction 

(Mainwood and Worsley-Brown, 1975; Sutton et al., 1981; Seo, 1984: 

Davies et al., 1986; Spriet et al., 1986). Lactate movement across cell 

membranes is associated with proton movement, resulting in decreased 

intramuscular [H+] (Mason et al., 1986; Juel, 1988). Sodium bicarbonate 
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loading produces metabolic alkalosis in human beings, and has been shown 

to improve performance in events with a large anaerobic component or 

repetitive work bouts (Wilkes et al., 1983; Costill et al., 1984; Wijnen et al., 

1984). Although NaHCOg loading in horses produces metabolic alkalosis 

(Kelso et al., 1987; Lawrence et al., 1987, 1990; Greenhaff et al., 1991a, b;), 

studies have not demonstrated an effect on performance (Kelso et al., 1987; 

Lawrence et al., 1987; Greenhaff et al., 1991a, b). 

Rats adapted to a high fat diet ran as long (Conlee et al., 1990) or 

longer (Miller et al., 1984) than carbohydrate-fed animals, in spite of lower 

pre-exercise muscle and liver glycogen levels. During exercise, fat-adapted 

rats showed a decreased rate of liver and muscle glycogen use, and 

decreased lactate levels (Miller et al., 1984; Nemeth et al., 1992). The 

increase in respiratory quotient during high intensity exercise in horses is 

suppressed by training (Thomas et al., 1983), indicating fat oxidation could 

be an important oxidizable fuel during high-intensity exercise. 

The purposes of this study were to examine changes in blood [Lac™] 

during exercise in horses adapted to either a high fat or control diet, and to 

evaluate the effects of NaHCOg administered intragastrically prior to 

exercise. Although, it has been well documented that NaHCO3 increases 

blood [Lac"] during exercise, the authors are unaware of studies evaluating 

the effects of fat adaptation on blood [Lac"]. If metabolic alkalosis and fat 

adaptation affect blood [Lac] at separate points along the metabolic 

pathway, then an additive effect snould be observed during exercise when 

fat-adapted horses were given NaHCO3. 
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Materials and Methods 

Horses - Eight Arabian horses, 3 to 4 years old and weighing 417+ 

7.0 kg, were conditioned on a treadmill’ for a minimum of 4 months prior to 

the exercise tests. Horses were maintained in two separate dirt lots, 30- x 

30-m, according to diet assignments and were allowed free access to water 

and trace mineralized salts. 

Diets - Horses were randomly assigned to 2 diet groups (Table 1) 

prior to the 4-month training period. Control group was fed a basal diet 

consisting of chopped hay, cracked corn, molasses and a_ vitamin 

supplement2. The high fat diet group was fed a similar diet, except part of 

the corn was replaced with corn oil?, which resulted in a final ration of 10% 

corn oil by weight. Horses were fed to meet average energy and minimum 

nutrient requirements of horses in work (NRC, 1989), and each horse 

remained on the same diet throughout the study. 

Treatments - Two horses from each diet group received, through 

nasogastric intubation, NaHCO34 (300 mg per kg body wt) dissolved in water 

(8.8 ml per kg body wt) 1.5 hours prior to the exercise test; the other two 

horses received an equal volume of water. Feed was withheld for at least 12 

hours prior to treatments, water was available ad libitum. Treatments were 

reversed for the second exercise test. 

  

1 Mustang 2200, Kagra International Inc., Fahrwangen, Switzerland. 

Wilson Enterprises, Inc., Disputata, Va. 
3 Cor Products Corp., Best Foods, Union., N.J. 
4 am & Hammer, Church & Dwight Co., Inc., Princeton, N.J. 
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Exercise test - At the end of the 4-month training/adaptation period, 

each horse underwent two repeated sprint exercise tests two weeks apart on 

a high speed treadmill’. The exercise test was performed 1.5 hours after 

treatment administration. After warm-up exercise of 5 minutes at a trot (3.2 

m/s), each horse performed 9 sprint/walk sequences at a 6% incline. The 

sprint/walk sequence consisted of a one-minute sprint (10 m/s), followed by 

a trot (3.2 m/s) for 0.5 minute and a walk (1.6 m/s) for 3.5 minutes; the first 

sprint was at 7 m/s. Heart rates were recorded during each sprint using a 

digital heart rate monitor®. 

Collection of samples and measurement - Venous blood was 

obtained from the jugular vein through a 14-gauge catheter® at rest, before 

administration of NaHCO, or water (pretreatment) and 1.5 hours after 

treatment (posttreatment), and during exercise, prior to the end of each 

sprint (before speed was reduced). Biood samples were drawn 

anaerobicially into heparinized syringes (300 units lithium heparin’ per 3 ml) 

for plasma [Ht] and PCO, analysis® correcting for body (rectal) temperature. 

Plasma [HCOQ3"] was calculated from its dissociation equilibria: 

[HCO3"] = (Ke x PCOg) / [H+] 

where K, = 2.58 x 10°11 (mmol/L)4/ mmHg (Stewart, 1981). 

Another biood sample was drawn into a syringe and transferred to 
  

5 Polar Pacer, Polar CIC, Inc., Port Washington, N.Y. 
6 Abbocath, Abbott Hospitals, Inc., North Chicago, Ill. 
7 Lithium heparin, H-0878, Sigma Chemical Co., St. Louis, Mo. 

System 1306, Instrumentation Laboratory, Lexington, Mass. 
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heparinized? tubes. Whole blood was deproteinized in cold 8% perchloric 

acid (1:2), and the supernatant analyzed for [Lac] by the lactate 

dehydrogenase method'®. Plasma was separated from the remaining blood 

for determination of sodium ([Na*]) and potassium ([K*]) concentrations by 

ion selective electrodes’, chloride concentration ({Cl-]) by chloride 

titration'2, and albumin concentration [Alb] by the bromcresol green 

method's. 

Statistical analysis - All results are presented as mean + SEM unless 

stated otherwise. Analysis of variance for repeated measures was used to 

evaluate effects of diet, treatment, exercise (sprint number), and their 

interactions during the exercise test, and treatment sequence (period). 

When indicated, Tukey's studentized range test was used to determine 

whether there were significant differences among means, and a probability 

of less than 0.05 was considered significant. 

Results 

Effect of exercise - All horses performed 9 sprint/walk sequences 

during each exercise test. There were no differences in heart rates recorded 

during sprints (P=0.8442), and there were no treatment (P=0.8548) or diet 

  

9 Vacutainer #6484, Becton Dickenson and Company, Rutherford, N.J. 

Journal Paper 1. Evaluation of blood lactate 

4 Proc. No. 826-UV, Sigma Diagnositics, St. Louis, Mo. 

2 Chloridometer, Buchler Instruments, Lenexa, Kan. 

3 Proc. No. 632, Sigma Diagnostics, St. Louis, Mo. 

Stat Profile 1, Nova Biomedical, Waltham, Mass. 
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(P=0.2882) effects on heart rates. Pooled measurements for heart rates 

during each sprint averaged 208.1 + 0.9 beats/minute. 

Plasma [Nat] and [Kt] increased during exercise (P=0.0001; Table 

2), with the largest increase occurring during the first 2 sprints. Plasma 

[Nat] and [K*] increased 3.1 and 1.9 mmol/L, respectively, above resting 

values during sprint 2, and then remained elevated with little change in 

concentrations through the remaining sprints. Blood [Lac™] increased during 

exercise (P=0.0001; Table 2), with the largest rate of increase occurring 

during the first 3 sprints. Blood [Lac™] reached 10-fold above resting values 

during sprint 3 (P<0.05), and increased at a slower rate during continued 

exercise to 13-fold above resting values during sprint 9 (P<0.05). Plasma 

[SID] decreased during exercise (P=0.0001; Table 2), and was 2 mmol/L 

below resting values during sprints 8 and 9 (P<0.05). There was a slight but 

not significant increase in plasma [Aib] (P=0.0886), and a slight but not 

significant decrease in plasma [Cl-] (P=0.0774; Table 2) during exercise. 

Plasma PCO. was affected by exercise (P=0.0001; Table 2), and 

increased 4 to 6 mmHg above resting values during sprints 2 and 3 

(P<0.05), then declined with continued exercise to 3.5 mmHg below resting 

values during sprint 9 (P<0.05). Plasma [H*] increased during exercise 

(P=0.0001; Table 2), with highest levels at 5.7 nmol/L above resting values 

(P<0.05) during sprint 2. During sprints 3 through 9, plasma [H*] 

progressively declined, but remained 3.0 nmol/L above resting values during 

sprints 8 and 9 (P<0.05). Plasma [HCO37] decreased below resing values 

during exercise (P=0.0001; Table 2), and was below resting values during 

sprints 3 through 9 (P<.0.05). 
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Effect of NaHCQO3 and water during exercise - Treatment sequence 

had no effect on variables measured in horses during exercise. Blood [Lac™] 

was 1.5 to 2.0 mmol/L higher during sprinting (P=0.0024) when horses were 

given NaHCO3 compared to plain water (Table 3a). During sprints 3 

through 9, plasma [Nat] was 5.3 to 6.5 mmol/L higher (P=0.0001) and 

plasma [K*] was 0.1 to 0.3 mmol/L lower (P=0.0042) when horses received 

NaHCOz3 compared to water prior to exercise (Table 3a). During sprints 3 

through 9, plasma [SID] was 3.0 to 4.4 mmol/L higher (P=0.0054) when 

horses received NaHCO3 prior to exercise (Table 3a). Pretreatment with 

either water or NaHCO3 had no effect on plasma [Cl-] (P=0.3374), [Alb] 

(P=0.5017), and PCO, (P=0.9180) during exercise (Tables 3a and 3b). 

Plasma [H*] was 4.2 to 5.3 nmol/L lower (P=0.0014) and plasma [HCO37] 

was 3.1 to 3.8 mmol/L higher (P=0.0001) during sprints 3 through 9 when 

horses received NaHCQO3 prior to exercise compared to plain water (Table 

3b). 

Effect of high fat and control diets during exercise - Blood [Lac™] was 

higher during exercise (P=0.0240), and increased at a greater rate with 

progressive sprints (P=0.0001) in fat-adapted horses compared to horses 

fed the control diet (Table 4a). Blood [Lac-] was 0.41 and 3.06 mmol/L 

higher during sprints 3 and 9, respectively, in fat-adapted horses compared 

to horses fed the control diet. During sprints 7 through 9, plasma PCO» 

decreased at a greater rate with progressive sprints (P=0.0241) and was 

lower in fat-adapted horses compared to horses fed the contro! diet (Table 

4b). There were no diet effects on plasma [Nat] (P=0.9412), [K*] 
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(P=0.4732), [Cl-] (P=0.5114), [SID] (P=0.2174), Alb] (P=0.9818), and [H™] 

(P=0.0945) during exericse (Tables 4a and 4b). 

Combined effects of NaHCO3 and fat adaptation - The combination 

of diet (control or fat) and treatment (water or NaHCO3) had an effect on 

blood [Lac™] during exercise in horses (P=0.0276; Figure 1). Highest blood 

[Lac-] was observed in fat-adapted horses given NaHCO3 prior to exercise. 

If the effects of diet and treatment are additive, then measured blood [Lac] 

observed in fat-adapted horses given NaHCOg3 (Fat/NaHCO3) should be 

equivalent to calculated blood [Lac] using measured values from other 

diet/treatment combinations: 

(FatINaHCO3) = (Fat/Water) + (Control/NaHCO3) - (Control/Water) 

Measured blood [Lac™] in fat-adapted horses given NaHCO3 were higher 

than calculated values (Figure 2). 

Discussion 

In the present study, all horses performed 9 sprint/walk sequences 

during each exercise test. Horses performed at 90-95% of maximal 

performance during sprints 3 through 9, as estimated from recorded heart 

rates. Blood [Lac] increased during sprint exercise with the greatest 

increase occurring during the first 3 sprints. After sprint 3, the rate of 
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accumulation of blood Lac” was and appeared to reach a steady-state. 

During exercise, blood [Lac™] increased to a greater extent when horses 

received NaHCO, compared to water, and in fat-adapted horses compared 

to horses fed the control diet. This greater increase in blood [Lac™] could be 

due to either one or more events: increased production of lactate within 

cells and mass movement of lactate into blood: increased efflux of lactate 

out of cells without increased production; or decreased clearance or removal 

from blood. 

Effect of NaH1CO3 during exercise - Blood [Lac™] was higher during 

exercise when horses received NaHCOz compared to water prior to exercise 

regardless of diet. Metabolic alkalosis increased rate of lactate release from 

muscle in isolated, perfused rat limb during contraction (Spriet et al., 1986; 

Lindinger et al., 1990b). Movement of lactate either in the molecular form 

(H-Lac) or in the ionized form (Lac~) is affected by [H*] gradient (Hirsche et 

al., 1975; Mainwood and Worsley-Brown, 1975; Seo, 1984). Muscle Kt loss 

during contraction is closely related to the accumulation of intracellular Lac” 

(Lindinger et al., 1987; Lindinger and Heigenhauser, 1988). In the present 

study, blood [Lac”] was higher along with a lower plasma [K*] when horses 

were given NaHCO3 compared to water, and suggests a decreased Kt loss 

along with an increased Lac” efflux from muscle as suggested by studies in 

human beings (Lindinger et al., 1990b). 

During exercise, plasma [HCO37] was greater when horses received 

NaHCOz compared to water. Plasma [HCO37] is often the component 

measured to assess the effectiveness of NaHCO3 treatment in human 
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beings and horses (Lawrence et al., 1987; Greenhaff et al., 1991a, b; 

Heigenhauser and Jones, 1991; Harkins and Kamerling, 1992; Matson and 

Vu Tran, 1993). However, changes in strong ions, particularly Nat, should 

be considered (Heigenhauser and Jones, 1991). In the present study, 

plasma [Na*] was higher during exercise when horses received NaHCO3 

compared to plain water, which resulted in a higher plasma [SID]. To 

maintain electroneutrality, increased [SID] will cause [HCO] to increase 

(Stewart, 1981). 

Effect of high fat diet during exercise - Plasma PCO9 was lower during 

sprints 7 through 9 in fat-adapted horses compared to horses fed the control 

diet. Less CQo is produced from fatty acid oxidation than from glucose 

oxidation for a given metabolic energy production (Ferrannini, 1988). This 

can be appreciated from the stoichiometry of the reaction for complete 

glucose oxidation: 

CgH120g + 36ADP + 36Pi + 60> -——--— > 36ATP + 6COz + 6H2O 

which produces 1 mole COs for 6 moles of ATP regenerated, and for 

complete oxidation of a representative fatty acid (palmitate): 

C4gH390> + 129ADP + 129Pi +2305 ------- > 129ATP + 16COo + 16H>0 

which produces 1 mole COp9 for 8 moles of ATP regenerated. 

During exercise, blood [Lac-] was higher in fat-adapted horses 
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compared to those fed the control diet. It was expected that fat-adapted 

horses would oxidize fatty acids in preference to carbohydrate and produce 

less lactate within muscle cells, which would be reflected in blood [Lac~]. Fat 

adaptation appears to conserve carbohydrate stores by increasing 

intramuscular triglyceride stores (Conlee et al., 1990) and utilizing fat as a 

predominant muscle substrate during exercise (Jansson and Kaijser, 

1982a,b, 1984; Miller et al., 1984; Conlee et al., 1990). Concomitant with 

decreases in carbohydrate use, blood [Lac™] was lower in fat-adapted human 

beings and rats (Jansson and Kaijser, 1982a,b, 1984; Miller et al., 1984). In 

the present study, however, blood [Lac-] was higher in the fat-adapted 

horses during exercise compared to horses fed the control diet, regardless 

of treatment administered before exercise. 

Rate of glycogen breakdown and the rate of lactate release during 

exercise in rats were dependent on pre-exercise muscle glycogen content 

(Richter and Galbo, 1985). Muscle glycogen content was not measured in 

the present study, but was increased in horses given fat-supplemented diet 

with equivalent daily caloric intake compared to horses on a control diet 

(Meyers et al., 1989; Oldham et al., 1990; Scott et al., 1992; Harkins et al., 

1992). With increased muscle glycogen content, glycogen utilization in fat- 

supplemented horses was also greater during four 600-m sprints which 

produced heart rates greater than 200 beats/min (Oldham et al., 1990; Scott 

et al., 1992). In these studies blood [Lac’] either had a tendency to be 

higher in fat-supplemented horses (Oldham et al., 1990) or were not 

different from controls (Scott et al, 1992). Horses in the present study 

performed similar exercise, but were adapted to the fat diet for a 4-month 
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period compared to three weeks used in previous studies (Oldham et ai., 

1990; Scott et al., 1992). 

Flux through the glycolytic pathway appears to be controlled by two 

modes of regulation, one during rest-work transition and the second during 

steady-state work. During rest-work transition in dog gracilis muscles, 

glycolytic flux increased, contributing to more than 50% of the ATP demand, 

and led to Jactate accumulation (Connett et al., 1985). With contractions, 

phosphorylase kinase is activated by Ca2* released from sarcoplasmic 

reticulum, increasing phosphorylase a activity (Brostrom et al., 1971; Cohen 

et al., 1980). This mechanism is transient and appears to play a role only in 

the initial burst of glycogenolysis (Conlee et al., 1979; Chasiotis et al., 1982; 

Richter et al., 1982; Ren et al., 1988). With prolonged exercise, allosteric 

activators of phosphorylase a and availability of inorganic phosphate 

primarily determine the rate of glycogenolysis (Chasiotis et al., 1982; Ren 

and Hultman, 1990; Ren et al., 1991). In our repeated sprints, glycolytic 

regulation was most likely under rest-work transition control. If muscle 

glycogen content was greater in horses fed the fat diet compared to the 

control diet, the large initial burst of glycogenolysis during each sprint, which 

dominated substrate utilization, would result in increased glycolysis in the 

fat-adapted horses. 

Fat adaptation influences the relative contribution of fat and 

carbohydrate to oxidative metabolism during submaximal exercise in human 

beings (Jansson, 1980; Jansson and Kaijser 1982a,b, 1884). Several 

mechanisms affect the interplay between fat and carbohydrate oxidation, but 

their exact roles during exercise remains to be determined. In perfused rat 
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hindlimb, acetoacetate inhibited glucose oxidation during contraction, but not 

glucose uptake or glycolysis, which resulted in increased Lac” accumulation 

(Berger et al., 1976). However, inhibition of glycolysis may not have been 

observed because this muscle preparation is composed of mixed muscle 

fiber types, and it is not known if white muscle fibers predominated in the 

contracting portion of the muscle. Acetoacetate perfusion decreased 

glucose uptake and glycolysis in slow-red oxidative muscle of the rat 

(Maizels et al., 1977; Pearce and Connett, 1980) and increased citrate 

accumulation (Maizels et al., 1977). Increased tissue citrate and decreased 

glycogen depletion were observed in slow-red and fast-red muscles of rats 

with increased plasma free fatty acid concentration during exercise. Similar 

changes were not observed in fast-white muscle (Rennie et al., 1976). In 

the present study, mean heart rates during sprinting was estimated to be 

90% of maximal heart rates determined in horses (Seeherman and Morris, 

1991). It is likely that a large proportion of fast-twitch muscle fibers, which 

utilized glycolytic metabolism for energy production, were recruited during 

sprints in our horses. 

Oxidation of glucose is dependent on the activity of the pyruvate 

dehydrogenase (PDH) complex. Elevated ratios of acetyl CoA/CoA and 

NADH/NAD?* increases the activity of PDH kinase (Kerbey et al., 1979), 

decreasing the activity of PDH complex. Perfusion of rat hindlimb with 

acetoacetate increased intracellular acetyl CoA concentration and 

decreased lactate oxidation during rest and electrical stimulation (Berger et 

al., 1976). Such changes were associated with decreases in PDH activity in 

muscle at rest but not during exercise (Hagg et al., 1976). Inhibition of PDH 
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activity during exercise may not have been observed in the present study 

because of mixed fiber types of muscle studied. Increased fatty acid 

oxidation during exercise reduced PDH activity in red quadriceps muscle in 

rats (Denyer et al., 1991). Inhibition of PDH activity was not observed in 

human vastus lateralis, which has a high percentage of fast-twitch fibers, 

even though NADH/NADt and acetyl! CoA/CoA ratios were elevated 

(Constatin-Teodosiv et al., 1991). It is thought that contractions in fast- 

twitch fibers may have induced increased PDH activity via increased 

intracellular concentrations of Ca2t, pyruvate and ADP, and thus overcome 

inhibition of acetyl CoA. 

During exercise, blood [{Lac"] is taken up by nonworking muscle 

(Kowalchuk et al., 1988; Stanley et al., 1986; Lindinger et al., 1990a) and 

working muscle (Issekutz et al., 1976; Stanley et al., 1986). It was proposed 

that the heterogeneity of fiber types was the basis for simultneous 

production and removal of lactate within muscle (Jordfeldt, 1970; Issekutz et 

al., 1976), however, differential uptake and release of lactate by specific 

muscle fibers is difficult to demonstrate (Pagliassotti and Donovan, 1990). 

Blood [Lac™] increased twice as fast in fat-adapted horses compared to 

horses fed the control diet. Along with changes in blood [Lacy], plasma 

PCO» decreased more quickly in fat-adapted horses. Uptake of Lac” by 

inactive muscle was associated with an increase in venous PCO9, and was 

attributed to increased rates of Lac” oxidation and CQpo diffusion from 

muscle (Kowalchuk et al., 1988). In our fat-adapted horses, greater increase 

in blood [Lac™] and decrease in PCO> during exercise may have resulted 

partly from decreased lactate oxidation and decreased COo diffusion from 
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less active muscle from the head and neck region. 

Conclusion: Fat adaptation and NaHCQ3 effect on blood [Lac] - Fat 

adaptation and metabolic alkolosis must affect lactate by different 

mechanisms as described previously: (1) increased production; (2) 

increased efflux from tissues; and (3) decreased clearance from blood. 

During repeated sprint exercise, blood [Lac"] was higher in fat-adapted 

horses given NaHCO3 compared to other diet/treatment combinations 

(Figure 1). Measured blood [Lac”] in horses fed the high fat diet and given 

NaHCOz was greater than blood [Lac’] calculated from other diet/treatment 

combinations, suggesting that the effects of fat adaptation and metabolic 

alkalosis on blood [Lac"] are synergistic. 
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Table 1. Ingredient and chemical composition of control and 
high fat diets. 

  

Control diet 

Ingredient (% as fed basis): 

Orchard grass 48.0 
Cracked corn 43.0 
Corn oil@ 0.0 
Molasses 8.0 

Limestone 0.5 

Vitamin premix? 0.5 
Soybean meal (44%) 0.0 

Feed analysis (dry matter basis): 

Crude protein, % 10.0 
Ether extract, % 2.4 

Acid detergent fiber, % 25.4 

Digestible energy 
(estimated), Mcal/kg 2.8 

  

@ Corn Products Corp., Best Foods Unit, Union, N.J- 

b Wilson Enterprises, Inc., Disputata, Va. 
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Fat diet 

  

48.0 
30.0 
10.0 
8.0 
0.5 
0.5 
0.3 

9.3 
15.6 
34.0 

3.3 
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Figure 1. Blood lactate concentration during repeated sprint exercise in horses. Horses were 
adapted to either a high fat diet or a control diet, and given sodium bicarbonate 
(NaHCO3) or water prior to the exercise test. * Signifi cantly different (P<0.05) from 
other diet/treatment combinations. 
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Figure 2. Measured and calculated blood lactate concentrations in fat-adapted horses given 
sodium bicarbonate (Fat/NaHCO3) prior to exercise. Blood lactate concentration was 
calculated for Fat/NaHCO3 horses from other diet/treatment combinations: 
(Fat/NaHCO3) = (Fat/Water) + (Control/NaHCO3) - (Control/Water). 
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Journal Paper 2: Contribution of independent variables to acid- 

base changes in exercising horses fed a high fat diet and 

supplemented with sodium bicarbonate. 

Abstract 

Contributions of independent variables, strong ion difference ([SID)), 

PCO9, and total weak electrolytes ([Ajot]), to changes in plasma [Ht] and 

[HCO] during repeated sprint exercise in horses were determined using a 

comprehensive physicochemical method of acid-base analysis. Eight 

conditioned Arabian horses were randomly divided into two dietary groups, 

high fat and control. Two horses from each diet group received sodium 

bicarbonate (NaHCO3; 300 mg/kg body wt) dissolved in water (8.8 mli/kg body 

wt) 1.5 hours prior to performing an exercise test consisting of 9 sprint/walk 

sequences; the remaining horses received equal volume of water. Treatments 

were reversed for the second exercise test; horses remained on the same diets 

throughout the study. 

There was close agreement between measured plasma {H*] and plasma 

[H*] calculated from [SID], PCO, and [Atot] (P=0.0001). Contribution of [SID], 

PCO2, and [Ato] to changes in plasma [H*] and [HCO3"] varied in magnitude 

and direction at each sprint during exercise. Initially, increased PCO> and [Atos] 

contributed to increasing plasma [H+], while increased [SID] attenuated this 

rise. As exercise continued, decreased [SID] along with increased [Atot] 

contributed to increasing [H*], while decreased PCo> now attenuated this rise. 
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Administration of NaHCOz increased plasma [Na+] (P=0.0001) and [SID] 

(P=0.0022) prior to exercise, and remained elevated during exercise. 

Increased [SID] contributed to maintaining a lower plasma [H+] and higher 

[HCO37] during exercise when horses received NaHCO3 (P=0.0001). Plasma 

PCO, contributed less to plasma [H+] during exercise in fat-adapted horses 

(P=0.0282), and contributed to decreasing plasma [HCQ3°] at a greater rate in 

fat-adapted horses as sprints continued (P=0.0496). 

Introduction 

Exercise is associated with disturbances in plasma hydrogen ion ([H*)) 

and bicarbonate ion ([HCO37]) concentrations. Although plasma [H*] is often 

increased during exercise in horses (Bayly et al., 1989; Hodgson et al., 1990), 

it can decrease during certain types of exercise in horses (Pan et al., 1983, 

1986; Bayly et al., 1989; Forster et al., 1990a; Ferrante et al., 1992). This 

decrease has been attributed to hyperventilation (Pan et al., 1983, 1986; Bayly 

et al., 1989) and/or increased circulating erythrocytes altering plasma strong 

ion concentrations (Pan et al., 1986; Forster et al., 1990a, b; Ferrante et al., 

1992). 

Plasma [H*] and [HCO3"] are dependent on plasma PCOg, strong ion 

difference ({[SID]), and total weak electrolyte concentration ([Ato4]) in solution 

(Stewart 1981, 1983). The physicochemical interactions between these 

dependent and independent variables are governed by laws of electrical 

neutrality, conservation of mass, and maintenance of dissociation equilibria of 
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weak acids in solution. Strong ions are fully or nearly fully dissociated, and 

[SID] is the difference between the sum of all strong cations and strong anions. 

Weak electrolytes are partially dissociated in solution, protein being a relatively 

important weak electrolyte in plasma. The contribution due to changes in each 

of the independent variables to changes in [H*] and [HCO3"] can be quantified. 

The independent variables are defined by a series of equations that describe 

the acid-base system. The independent variables are measured and then used 

to solve these equations to calculate the dependent variables, [Ht] and 

[HCO3"] (Stewart 1981). 

Increases in blood [Lac"], through decreasing plasma [SID], can play an 

important role in increasing plasma [Ht] and decreasing [HCO37] during 

exercise. Although a greater increase in blood [Lac™] during exercise in horses 

given NaHCO3 compared to plain water was observed in a previous study, 

plasma [Ht] decreased and [HCO3"] increased. Blood [Lac] was also higher 

in fat-adapted horses compared to horses fed a control diet during exercise, 

however, plasma [HCO37] was lower in fat-adapted horses, and there was no 

difference in plasma [H*] between the diet groups. 

The purpose of this study was to quantify the contributions of 

independent variables to changes in plasma [H+] and [HCO37] during repeated 

bouts of exercise in horses utilizing a comprehensive physicochemical method 

of acid-base analysis (Stewart 1981, 1983). To determine the cause of [H*] 

changes within plasma, all independent variables were assessed and the 

relative influence each independent variable had on changes in [H*] 

determined. Repeated sampling during 

exercise also demonstrated the relative importance of each independent 
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variable on plasma [Ht] and [HCO3"] at specific times during exercise. 

Materials and Methods 

Horses - Eight Arabian horses, 3 to 4 yrs old and weighing 417+ 7.0 kg 

were conditioned on a treadmill’ for a minimum of 4 months prior to the 

exercise tests. Horses were maintained in two separate dirt lots, 30-m x 30-m, 

according to diet assignments. 

Diets - Horses were randomly assigned to 2 dietary groups (Table 1) at 

the beginning of the 4-month training/adaptation period. The control group was 

fed a basal diet consisting of chopped hay, cracked corn, molasses and a 

vitamin supplement?. The high fat diet group was fed a similar diet, except part 

of the energy provided by corn was replaced with corn oil§, which resulted in a 

final ration of 10% corn oil by weight. Horses were fed to meet average energy 

and.minimum nutrient requirements of horses in work (NRC, 1989), and were 

allowed free access to water and trace mineralized salts. Each horse was fed 

the respective diets throughout the training/adaptation period and exercise 

tests. 

Treatments - Two horses from each diet group received, through 

  

1 Mustang 2200, Kagra International Inc., Fahrwangen, Switzerland. 
Wilson Enterprises, Inc., Disputata, Va. 

3 Com Products Corp., Best Foods, Union, N.J. 
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nasogastric intubation, NaHCO34 (300 mg per kg body wt) dissolved in water 

(8.8 ml per kg body weight) 1.5 hours prior to the exercise test; the other two 

horses received equal volume of water. Feed was withheld for at least 12 

hours prior to treatment. Treatments were reversed for the second exercise 

test. 

Exercise test - Each horse underwent two repeated exercise sprint tests 

two weeks apart on a high speed treadmill at the end of the 4-month 

training/adaptation period. The exercise test was performed 2 hours after 

treatment administration and consisted of a warm-up period and 9 sprint/walk 

sequences at a6% slope. The sprintAwalk sequence consisted of a sprint for 1 

min (10 m/s) followed by a trot (3.2 m/s) for 0.5 min and then a walk (1.6 m/s) 

for 3.5 min; the first sprint was 7 m/s. Heart rates were recorded during each 

sprint using a digital heart rate monitor® 

Collection of samples and measurement - Venous blood was obtained 

from the jugular vein through a 14-gauge catheter® before administration of 

NaHCOs or plain water (pretreatment), 1.5 hours after treatment (posttreatment 

or time 0), and 15 seconds prior to the end of each sprint (before speed was 

reduced). Blood samples were drawn anaerobically into heparinized syringes 

(300 units lithium heparin’ per 3 ml) for plasma [H*] and PCO, analysis. 

Another blood sample was drawn into a syringe and transferred to heparinized 

  

4 arm and Hammer, Church & Dwight Co., Inc., Princeton, N.J. 
5 Polar Pacer, Polar CIC, Inc., Port Washington, N.Y. 
6 Abbocath, Abbott Hospitals, Inc., North Chigaco, II. 
7 Lithium heparin, H-0878, Sigma Chemical Co., St. Louis, Mo. 
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tubes®. An aliquot of whole blood was deproteinized in cold 8% perchloric acid 

(1:2), and the supernatant assayed for lactate. Plasma was separated from the 

remaining blood for Nat, K*, Cl", and albumin analyses. Plasma [Nat] and 

[K*] were measured by ion selective electrodes®, plasma [CI-] by chloride 

titration’®, blood [Lac"] by the lactate dehydrogenase method'', and plasma 

albumin concentration by the bromcresol green method'? Plasma [H*t] and 

PCO, were measured by electrodes's, correcting for body (rectal) temperature 

(Sigaard-Andersen, 1963). 

Calculations - Free [H*] was also calculated from the equation (Stewart 

1981): 

[H*]4 + ( Ka + [SID] ) [H*]9 (1) 

+ {Ka ( [SID] -[Atotl) - (Ke x Pcog + K'w) }[H*}? 

- {Ka (Ke x Pcog+K'W) + (Kg x Ko x PCO?) }[H™] 

- (Ka X Kg X Ko x PCO2) = 0 

The dissociation constants were Ka = 3.0 x 10-7 mol/L (Stewart, 1983), Ko = 

2.58 x 10-11 (mol/L)2 (Stewart, 1981), Kg = 6.0 x 10°11 mol/L (Edsall and 

Wymann, 1958; Stewart, 1981), K'w = 4.4 x 10-14 (mol/L)? (Harned and Owen, 

1958; Stewart, 1981). 

  

8 vacutainer #6484, Becton Dickenson and Company, Rutherford, N.J 
9 Stat Profile 1, Nova Biomedical, Waltham, Mass. 
10 Chloridometer, Buchler Instruments, Lenexa, Kan. 
11 Proc. No. 826-UV, Sigma Diagnostics, St. Louis, Mo. 
12 Proc. No. 631, Sigma Diagnostics, St. Louis, Mo. 

3 System 1306, Instrumentation Laboratory, Lexington, Mass. 

Journal Paper 2. Contribution to acid-base changes 88



Plasma [SID] was calculated as the difference between strong cations 

and strong anions: 

[SID] = (Na*] + [K*]) - ([Ct] + [Lac]) (2) 

Plasma [At,;] was calculated from the plasma albumin concentration, 

assuming a change of 4.07 x 10-3 mol/L in the anionic species [A-] for each 

gram per dL change in plasma albumin concentration (Rossing et al., 1986). 

Plasma [HCO3°] was calculated from its mass action equilibria (Stewart, 

1981): 

[HCO3"] = (Ke x Pcog )/[H*] (3) 

where Kg = 2.58 x 10-11 (mmol/L)? per mmHg. 

The relative contribution of each independent variable to changes in 

plasma [H*] and [HCO3"] during exercise was assessed by solving equation (1) 

while holding one independent variable constant at resting value (time 0) and 

using measured values during exercise for the other two independent 

variables. Difference in calculated [Ht] when all three measured independent 

variables were used and when one measured independent variable was held 

constant would be due to the contribution of the variable held constant. To 

determine the relative contribution of each independent variable to changes in 

plasma [H+] and [HCO37] after NaHCO3 or water administration while at rest 

(i.e., before exercise), values for pretreatment and posttreatment were used. 
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Statistical analysis: All results are presented as mean + SEM unless 

stated otherwise. Analysis of variance for repeated measures was used to 

evaluate effects of diet, treatment, exercise (sprint number), and their 

interactions during the exercise test, treatment sequence (period). When 

indicated, Tukey's studentized range test was used to determine whether there 

were significant differences among means, and a probability of less than 0.05 

was considered significant. 

Results 

Validation of the physicochemical approach - There was close 

agreement between individual plasma [H*] measured directly by electrode and 

plasma [H*] values calculated from measurements of plasma [SID], Pco2, and 

[Ato¢] (Figure 1). Because there were no differences (P>0.05) among 

regression lines describing data from horses fed either control or fat diets, and 

when given NaHCOz or water, data were pooled. The equation describing 

these data was: 

y = (0.90+0.42)-x + (0.89+18) 

where y is calculated [H+] (nmol/L), x is measured [H*] (nmol/L), and 

P=0.0001, r=0.85, SE(y)=2.1. 

Effect of administration of NaHCQ3 and water at rest- Administration 
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of either water or NaHCOs intragastrically affected plasma [Na*] (P=0.0001), 

[K*] (P=0.0430), [SID] (P=0.0002), and PCO, (P=0.0008). Plasma [Na‘] 

increased by 5 mmol/L above pretreatment values (P<0.05) after horses were 

~ given NaHCO3, and decreased 1.7 mmol/L below pretreatment values (P<0.05) 

after water administration (Table 2). Plasma [Kt] decreased <1 mmol/L below 

pretreatment values (P<0.05) when horses were given NaHCQ3, and did not 

change (P>0.05) after water was administered (Table 2). These changes 

caused plasma [SID] to increase 5 mmol/L (P<0.05) above pretreatment values 

after NaHCO3 administration, and to decrease 1.9 mmol/L below pretreatment 

values (P<0.05) after water treatment. Plasma PCO> (Table 2), increased 3 

mmHg above pretreatment values (P<0.05) after horses received NaHCOs, 

and did not change after water treatment (P>0.05). There was no effect on 

plasma [Atot] during rest due to treatment (P=0.2584). 

Contributions of each independent variable to changes in plasma [Ht] 

and [HCO3"] after administration of water or NaHCOz were calculated (Table 

3). Increase in [SID], which caused [H*] to decrease 5 nmol/L (P=0.0001), was 

the main reason for the 3 nmol/L decrease in plasma [H*] during rest after 

NaHCO3 administration. Plasma PCO 9, however, also increased after 

NaHCOs3 was given, and contributed to increasing plasma [H*] by 2 nmol/L 

(P=0.0017). 

Effect of exercise on independent variables - All horses performed 9 

spirnt/walk sequences during each test. There were no differences in heart 

rates recorded during sprints (P=0.8442), and there were no treatment 

(P=0.8548) or diet (P=0.2882) effects on heart rates. Pooled measurements 
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for heart rates during each sprint averaged 208.1 + 0.9 beats/minute. 

| Plasma [Nat] and [K*] increased during exercise (P=0.0001) from 

resting values of 140 + 0.86 and 3.42 + 0.06 mmol/L, respectively, to 144.15 + 

3.43 and 5.04 + 0.31mmol/L, respectively, during sprints 2 through 9 (P<0.05; 

Figure 2). Blood [Lac’] increased during exercise (P=0.0001), with the greatest 

accumulation occurring during the first 3 sprints. Blood [Lac~] initially 

increased from a resting value of 0.53 + 0.03 to 6.16 + 0.29 mmol/L during 

sprint 3, then increased at a slower rate with continued sprints, reaching 7.84 + 

0.54 mmol/L during sprint 9. 

The magnitude and direction of change in [SID] were different among 

sprints (P=0.0001). Calculated [SID] increased 1.6 mmol/L above resting 

values during sprint 1 (P<0.05), then decreased 2.8 mmol/L below resting 

values during sprints 8 and 9 (Figures 2 and 3). Plasma [A,,;] increased 6% 

above resting value of 3.50 + 0.06 g/dL at the onset of exercise, and remained 

relatively constant with repeated sprints (P=0.0886; Figure 3). The magnitude 

and direction of change in plasma PCO were different among sprints 

(P=0.0001). Plasma PCO> increased 8.4 + 0.82 mmHg during sprint 2 (P<0.05) 

from a resting value of 51.64 + 0.77 mmHg (P<0.05). After peaking at sprint 2, 

increase in plasma PCO2 during each sprint was less, and plasma PCO? 

decreased to below resting values after sprint 6 (P<0.05; Figure 3). 

Effect of independent variables on plasma [Ht] and [HCO3] during 

exercise - Changes in [SID], PCO9, and [A;4] during exercise (Figures 2 and 

3) affected plasma [Ht] and [HCO37] (P=0.0001; Figures 4 and 5). Increased 

PCO9 and [Aj,4] during sprint 1 (Figure 3) contributed to increasing plasma [H*] 
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by 1.5 and 1.0 nmol/L, respectively (P<0.05; Figure 4). Increased [SID] during 

sprint 1 (Figure 3), however, contributed to decreasing plasma [H*] by 1.7 

nmol/L from resting values (P<0.05), attenuating the effects of PCOs and [Ajo] 

(Figure 4). After sprint 1, [SID] decreased during exercise, diminishing its 

attenuation of the rise in plasma [H*]. When [SID] decreased to below resting 

values after sprint 2, it contributed to increasing plasma [Ht] by 1.8 nmol/L. 

The rise in plasma PCO, during sprint 2 (Figure 3) increased [H*] by 4.5 

nmol/L (P<0.05) and was the main contributor to the rise in plasma [H*] at that 

time (Figure 4). Smaller increases in PCO9 after sprint 2 (Figure 3) contributed 

less to increasing plasma [H*] (Figure 4), and as values decreased to below 

resting values (Figure 3), PCO» attenuated the rise in plasma [H*] by 1.5 to 2.0 

nmol/L during sprints 8 and 9. Initial increase in [SID] during sprint 1 (Figure 3) 

caused plasma [HCO37] to increase 1.6 mmol/L (P<0.05; Figure 4), while 

increased [Atot] (Figure 3) caused [HCO37] to decrease <immol/L (P<0.05; 

Figure 5). 

Effect of water and NaHCQ3 administration during exercise - Treatment 

sequence had no effect on variables measured in horses during exercise. 

Increase in blood [Lac] was greater during exercise after horses received 

NaHCOz compared to water (P=0.0023; Figure 6), with blood [Lac"] being 1.7 

mmol/L higher during sprints 6 through 9 (P<0.05). Administration of either 

water or N@aHCO3 had no effect on changes in plasma [Na*], [Cl-], [Kt], [SID] 

and [Aip;] during exercise (Figures 6 and 7). 

There was a treatment effect on changes in plasma PCO> during 

exercise (P=0.0169; Figure 7). After sprint 2, the rise in plasma PCO 9 during 
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each sprint was progressively less (P<0.05) after horses were given NaHCO3 

compared to water (P=0.0558). As a result, the rise in PCO9 during sprints 2 

through 9 after horses received NaHCOz3 contributed progressively less to 

increases in plasma [H*] compared to water (P=0.0029; Figure 8), and 

attenuated the rise in plasma [H*] after sprint 4. Changes in plasma Pco9 

during sprint 2 caused plasma [H*] to increase 3.75 + 0.87 nmol/L after 

NaHCO3 treatment compared to 5.19 + 1.02 nmol/L after water treatment 

(P<0.05), and during sprint 9, -3.75 + 1.17 nmol/L after NaHCOg treatment 

compared to -0.45 + 1.29 nmol/L after water treatment (P<0.05). There was no 

treatment effect on changes in plasma [HCO37] during exercise due to PCO9 

(P=0.5409; Figure 9). 

Effect of fat diet during exercise - During exercise, increases in blood 

[Lac-] from resting values was 1.3 to 2.9 mmol/L greater during exercise 

(P=0.0309) in fat-adapted horses compared to horses fed the control diet 

(Figure 10). Although it was not significant (P=0.6902), plasma [ClI"] was 0.3 

to 1.8 mmol/L lower during sprints 3 through 9 in fat-adapted horses compared 

to those fed the control diet (Figure 10). As a result of these opposing changes 

in strong anions, there were no differences in [SID] changes between diet 

groups (P=0.2764; Figure 10). There was also no diet effect during exercise 

(P=0.2879) on plasma [Ato] (Figure 11). Consequently, changes in [SID] and 

[Atot] had no effects on plasma [H*] (P=0.3541; P=0.4334: Figure 12) and 

[HCO3"] (P=0.2569; P=0.4945; Figure 13). 

There was a diet effect on plasma PCO» (P=0.0160) during repeated 

sprints (Figure 11). These changes in plasma PCO> during exercise due to 
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diets affected plasma [Ht] (P=0.0282) and [HCO37] (P=0.0496). Initial rise in 

plasma PCO from resting values during sprint 2 was 3.6 mmHg less in fat- 

adapted horses compared to horses fed the control diet (P<0.05), which 

attenuated the increase in plasma [H*] by 3.6 nmol/L (P<0.05) and attenuated 

the decrease in plasma [HCO37] by 0.15 mmol/L (P<0.05; Figure 12). The 

decrease in plasma PCOo during sprints 3 through 9 was greater (P=0.0241) in 

fat-adapted horses compared to horses fed control diet (Figure 11). Plasma 

PCO was decreased below resting values after sprint 4 in fat-adapted horses, 

which attenuated the rise in plasma [H*] (Figure 12) and produced a further 

decrease in [HCO3"] (Figure 13) during exercise. 

DISCUSSION 

Our results showed: (1) plasma [H*] measured with an electrode was in 

good agreement with [H*] calculated from measurements of plasma [SID], 

PCO, and [Atoz]; (2) changes in venous plasma [H*] and [HCO37] in horses 

could be quantitatively assessed using the physicochemical method of acid- 

base analysis; and (3) the relative importance of each independent variable 

([SID], PCO2, [Atgt]) to changes in plasma [H*] and [HCO37] could be 

determined at specific times during exercise. 

Effect of exercise - The contribution of [SID], PCO>, and [Ajo] to 

changes in plasma [H*] and [HCO3"] during repeated sprints in horses varied 

in magnitude and direction (Figure 4). Initially, increased PCO> and [A¢o}] 
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contributed to increasing plasma [H*], while increased [SID] attenuated this 

rise. As exercise continued, decreased [SID] along with increased [Ato}] 

contributed to increasing [H*], while decreased PCO> now attenuated this rise. 

Changes in [Lac] are often considered the most important cause of 

acid-base disturbances during exercise, however, all strong ions contributing to 

[SID], along with changes in PCO9 and [Ato], should be considered. Although 

[Lac"] increased during sprints 1 and 2, [SID] was elevated above resting 

values due to increases in concentrations of strong cations (Figure 2) and 

attenuated the increase in [Ht] and decrease in [HCO37]. In ponies, increased 

plasma [SID] was the cause of non-PCO>-related decrease in plasma [HT] 

during exercise at 50% of maximal work load (Forster et al., 1990a, b). In the 

present study, the first sprint was performed at 7 m/s which produced a small 

increase in blood [Lac’], however, with continued sprints at a higher work load 

at 10 m/s, the relatively greater increase in [Lac™] compared to other strong 

ions resulted in [SID] decreasing to below resting values. 

The rise in PCO» during sprint 2 contributed to more than 90% of the net 

increase in [H*] (Figure 4). In racing greyhounds, increased plasma [H*] was 

due mainly to the rise in arterial plasma PCO while changes in [SID] 

contributed little to the increase [H*] (Pieschel et al., 1992). During repeated 

bouts of exercise at maximal effort in human beings, increased venous plasma 

PCO> contributed to increasing plasma [Ht] (Lindinger et al., 1992). 

The net effect of increasing [Ajo] is to increase [A-] (Rossing et al., 

1986) which causes a rise in [H*] and a decrease in [HCO3"] (Stewart, 1981). 

At the onset of exercise, plasma [Ajo4] increased in our horses, and remained 

elevated during each sprint (Figure 3), which resulted in increasing plasma 

Journal Paper 2. Contribution to acid-base changes 96



[H*] <1 nmol/L (Figure 4). This is similar to the influence of plasma [Ajo¢] on 

[H*] seen in racing greyhounds (Pieschel et al., 1992). Although, increases in 

[Atot] contributed to only 2% of the net increase in plasma [H*] observed at 

sprint 2 in our horses, the increase in plasma [Ajo4] along with decreased [SID] 

equally augmented the increase in plasma [H+] observed near the end of the 

exercise test. Changes in [Ajo] also contributed to increasing plasma [H*] 

during exercise in human beings (Lindinger et al., 1992). 

Changes in PCO within the physiologic range produces relatively small 

changes in [HCO3"] compared to changes in other independent variables 

(Stewart, 1981). Changes in plasma PCO9 had a lesser effect than changes in 

plasma [SID] and [Ato4] on altering plasma [HCO37] during exercise in our 

horses (Figure 5). Increase in plasma PCO> at sprint 2 increased [HCO37] by 

only 0.18 mmol/L, while decrease in plasma [SID] and increase in [Ajo}] 

increased [HCO37] by 0.5 mmol/L and decreased [HCO37] by 0.8 mmol/L, 

respectively (Figures 3 and 5). In ponies, no changes in plasma [HCQ3"] in 

ponies were observed during exercise in spite of alveolar hyperventilation and 

respiratory alkalosis (Pan et al., 1983). 

Changes in plasma [HCO37] are commonly used to determine the 

metabolic contribution to acid-base disturbances. However, assessing [HCO37] 

alone does not differentiate the relative magnitude and direction of change in 

[HCO3"] caused by each metabolic component, [SID] and [A;,:]. Although 

changes in plasma [HCOs"] during repeated sprint exercise in our horses 

generally reflected changes in [SID], the magnitude of change in [HCO37] 

produced by [SID] was attenuated at sprint 1 and increased further after sprint 

2 by increases in [Ato] (Figure 5). 
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Effect of NaHCQ3 at rest and during exercise - During rest, increased 

plasma [HCO3"] and decreased plasma [Ht] after NaHCO3 treatment (Table 3) 

were associated with increased plasma [SID]. Increased plasma [SID] was due 

to plasma [Na*] increasing to a greater extent than changes in other strong 

ions (Table 2). Changes in plasma [SID] occurred during the 1.5-hour period 

after NaHCO3 administration prior to exercise, and were carried over into 

exercise. During exercise, however, the difference in [SID] between treatments 

did not change. Although plasma PcO> increased during rest after NaHCO3 

administration (Table 2), and added to Ht and HCO3~ accumulation (Table 3), 

the increase in plasma [H+] produced by changes in PCOz was one-third the 

decrease in [H*] produced by changes in [SID] (Table 2), resulting in a net 

decrease in [H*]. 

During exercise, the rise in plasma PCO>9 from rest during each sprint 

was significantly less after sprint 2 wnen horses were treated with NaHCO3 

(Figure 7). This difference diminished the increase in plasma [H*] observed 

during sprints 1 through 4, and augmented the rate of decrease in plasma [H*] 

after sprint 4 (Figure 8). 

Sodium bicarbonate treatment appears to affect acid-base balance in 

two ways. One is by increasing plasma [SID] prior to exercise, which is then 

maintained during exercise, and contributes to maintaining a lower plasma [H*] 

and higher plasma [HCO37]. The second is through a greater decrease in 

PCO» during progressive sprints, contributing to decreasing both [H*] and 

[HCO3"]. 

Effect of diet during exercise - Plasma PCO9 was lower during sprints 4 

through 9 in fat-adapted horses compared to horses on the control diet (Figure 
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11). Less COs is produced from fatty acid oxidation than from glucose 

oxidation for a given metabolic energy production (Ferranni, 1988). This can 

be appreciated from the stoichiometry of the reaction for complete glucose 

oxidation: 

CgH 1206 + S6ADP + 36Pi +609 ----- > 36ATP + 6CO> + 6H2O 

which produces 1 mole for 6 moles of ATP regenerated, and for complete 

oxidation of a representative fatty acid (palmitate): 

C4gH320> + 129ADP + 129Pi + 2302 ----> 129ATP + 16CO + 16H20 

which produces 1 mole CO2 for 8 moles of ATP regenerated. Utilization of fat 

as an energy source is probably greater in horses fed a high fat diet compared 

to horses fed a conventional diet while in training, and may be manifested in 

the repeated sprint/walk sequences used in the present study. 

Increase in plasma PCOs from resting value at sprint 2 was less in fat- 

adapted horses compared to horses on the control diet (Figure 11), and 

diminished the initial increase in plasma [H*] and [HCO37] (Figures 12 and 13). 

With continued sprints, plasma PCO> decreased at a greater rate in fat-adapted 

horses (Figure 9), and diminished the rise in plasma [H*] during sprints 5 

through 9 (Figure 12). Because there was no significant difference between 

diet groups in net plasma [H*] changes during exercise, there must be a 

change in another independent variable to counterbalance effects produced by 

changes in PCO9. Although decrease in plasma [SID] due to the greater 
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increase in blood [Lac™] in fat-adapted horses during exercise was not 

significant (Figures 10 and 11), it contributed to increasing plasma [H*] (Figure 

12), balancing the effect of PCOs. 

Possible errors in the physicochemical method - There are potential 

errors in the application of the physicochemical approach to acid-base 

assessment (Cameron, 1989; Pieschel et al., 1992). The equilibrium 

constants utilized are not constant with changing ionic strengths and 

temperatures of solutions (Edsell and Wymann, 1958; Harned and Owen, 

1958). Range of values for Ke alone can be found in literature (Sigaard- 

Andersen, 1962; Austin et al., 1963; Rispins et al., 1968; Stewart, 1981, 1983) 

and have been used to determine plasma [H*] (Kowalchuk et al, 1988; 

Weinstein et al., 1991; Lindinger et al., 1992; Pieschel et al., 1992). 

Plasma [H*] is sensitive to errors in [SID] at low [SID] values (Stewart, 

1981), and was observed in calculations of [H*] in racing greyhounds where 

[SID] decreased to 18 mmol/L after racing (Pieschel et al., 1992). Plasma 

[SID], however, did not decrease to such an extent in horses in this study. 

Failure to include all strong ions in calculation of [SID] could result in error of 

calculated [H*] and [HCO3"], and would be important if there was a large 

change in unmeasured strong ion during exercise. Plasma [Ca2*] has been 

included in [SID] in studies with human beings (Kowalchuk et al., 1988; 

Lindinger et al., 1992), and [Mg2*] and [SO42"] are other strong ions that may 

be important. 

Total weak electrolyes are approximated, and there is uncertainty as to 

how to measure this independent variable (Cameron, 1989; Figge et al., 1991; 
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Pieschel et al., 1992). Although protein or albumin is often measured 

(Kowalchuk et al., 1988; Weinstein et al., 1991; Lindinger et al., 1992; Pieschel 

et al., 1992), inorganic phosphate has also been included (Pieschel et al., 

1992). Protein or albumin (usually measured as g/dL) must be converted to 

equivalents or moles per liter in order to be incorporated into the 

physicochemical equations (Van Slyke et al., 1928; Van Leeuwan, 1964; 

Rossing et al., 1986; Figge et al., 1991). 

Summary - Contribution of each independent variable to changes in 

[H*] and [HCO3"] was determined in this study utilizing a comprehensive 

physicochemical method of acid-base analysis. Although an increase in blood 

or plasma [Lac™] during exercise plays an important role in altering acid-base 

balance, changes in inorganic strong ions which influence [SID], along with 

changes in PCO and [Atot], are also important. A net change in [Ht] and 

[HCO37] alone cannot define the causes (PCO9, [SID], [Ajoi]) which produced 

these changes. 

Administration of NaHCO3 affected acid base homeostasis by two 

mechanisms: (1) increasing plasma [Nat] and [SID] at rest after NaHCOs, 

which was maintained during exercise; and (2) decreasing plasma PCO> at a 

greater rate during exercise. Although blood [Lac-] increased to a greater 

extent during exercise in horses after NaHCQOs: treatment, the increase in [SID] 

produced prior to exercise was relatively greater. Fat adaptation in horses 

affected acid base homeostasis mainly through lowering plasma PCo>. 
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Table 1. Ingredient and chemical composition of control and 

high fat diets. 

  

Control diet 

Ingredient (% as fed basis): 

Orchard grass 48.0 

Cracked corn 43.0 

Corn oi/4 0.0 
Molasses 8.0 

Limestone 0.5 

Vitamin premix? 0.5 
Soybean meal (44%) 0.0 

Feed analysis (dry matter basis): 

Crude protein, % 10.0 
Ether extract, % 2.4 

Acid detergent fiber, % 25.4 

Digestible energy 
(estimated), Mcal/kg 2.8 

  

4 Cor Products Corp., Best Foods Unit, Union, N.J. 

b Wilson Enterprises, Inc., Disputata, Va. 
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Fat diet 

  

48.0 
30.0 
10.0 
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0.5 
0.5 
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Figure 1. Comparison of [H+] calculated from the measurements of independent variables 
([SID], PCO., [Ay 4]) and [H*] measured directly from an electrode. Since there were no 
differences (P>0.05) among the regression lines describing the four diet/treatment 
groups, data was combined to yield the regression equation: y = 0.897x + 0.891, where y 
is measured [H*], x is calculated [H*], and SE(y) = 2.104 nmol/L, r= 0.85. 
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Table 2. Concetrations of strong ions and independent variables ([SiD], PCO5, [A;,;]) in 
plasma before treatment and 1.5 hours after treatment with NaHCO, (300 mg/kg 

body wt) or water by intragastric intubation. 

  

  

  

Variable Treatment Pretreatment Posttreatment a 

Strong ions: 

[Nat] (mmol/L) Water 139.44 + 0.66 137.73 + 0.661 0.0001 

NaHCO, 138.97 + 0.61 143.79 +0.37'* 

[Kt] (mmol/L) Water 3.63 + 0.09 3.50 + 0.09 0.0430 

NaHCO, 3.71 +.0.05 3.34 + 0.0714 

[Cr] (mmol/L) Water 94.81 + 0.32 94.19+0.65 0.9942 
NaHCO, 96.33 + 0.64 95.71 + 0.54 

[Lact] (mmol/L) Water 0.55 + 0.05 0.52+0.02 0.0648 
NaHCO, 0.52 + 0.04 0.63 + 0.05 

Independent variables: 

[SID] (mmol/L) Water 47.72 + 0.50 45.83+0.66T 0.0022 

NaHCO, 46.53 + 0.81 50.78 + 0.43'* 

PCO, (mmHg) Water 49.03 + 0.69 49.43+0.49 0.0008 

NaHCO; 49.50 + 0.82 52.52 + 0.6317 

[Art] (mg/dL) = Water 3.44 + 0.06 3.45+0.06 0.2584 

NaHCO, 3.52 + 0.10 3.55 +0.11 

Values are means + SEM; n=8. 

* e 

P value for treatment over time. 

t Means are different (P<0.05) from pretreatment. 

+ Means are different (P<0.05) between treatments (water vs. NaHCO,). 
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Table 3. Contributions of independent variables in plasma to changes in dependent 
variables. Water or NaHCO, (300 mg/kg body wt) was administered 1.5 hours 
prior to sampling. 

  

Independent Treatment [H*] P [HCO P 
variable (nmol/L) (mmol/L) 

    

Contribution to change in: 

[SID] Waiter 1.49 + 0.83 0.0001 -1.30+0.74 0.0001 
NaHCO, -5.14 + 0.66 4.80 + 0.59 

PCO, Water 0.28 + 0.30 0.0009 0.01 +0.01 0.0017 
NaHCO, 1.87 + 0.32 0.07 + 0.01 

[Atot] Water 0.03 + 0.07 0.9447 0.00+0.06 0.8387 
NaHCO, 0.03 + 0.15 -0.02 + 0.10 

Total change in 
[H*] and [HCO,7}: 

Water 1.72 + 0.88 0.0002 = -1.32 + 0.73 0.0001 
NaHCO, -2.97 + 0.61 4.86 + 0.63 

  

Values are means + SEM; n=8. 
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Figure 2. Change in plasma strong ions from rest (time 0) during repeated sprint exercise. 
Strong ion difference ([SID]) is net difference between total concentration of cations and 
anions measued, and [Lac] is blood lactate concentration. Significantly different 
(P<0.05) from rest. 

Journal Paper 2. Contribution to acid-base changes 109



10 
L 

8 F —&— [SID] (mmol/L) 

. * 

6 Ps ~* Peco, (mmFig) 

L a, m-[atot] (g/dL) 
| / “ 4 / \ 

| / ‘\ * 

  

  

      

C
h
a
n
g
e
 

In
 
In

de
pe

nd
en

t 
va

ri
ab

le
s 

fr
om
 

re
st

 

L from rest x ~~e 
* 

4 | 4 | _ _| | i j J 

0 1 2 3 4 5 6 7 8 9 

Sprint number 

Figure 3. Change in independent variables from rest (time 0) during repeated sprint exercise. 
Independent variables are strong ion difference ((SID]), Pcoz, and total weak acids 
((A,(]). Positive and negative values represent an increase and decrease, respectively, 
from resting value. "Significantly different (P<0.05) from rest. 
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Figure 4. Net change in plasma [H*] from rest (time 0) during exercise, and the contribution by 

independent variables to change in [H*]. Independent variables are strong ion 
difference ([SID}), Pco., and total weak acids ([A,]). Positive and negative values 
represent contribution to increasing and decreasing {H*]. Significantly different 
(P<0.05) from rest. 
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Figure 5. Net change in plasma [HCO,]] from rest (time 0) during exercise, and the contribution 
by independent variables to the change in [HCO,7]. Independent variables are strong 
ion difference ([SID]), Pco2, and total weak acids ([A,,]). Positive and negative values 

represent contribution to increasing and decreasing [HCO]. = Significantly different 
(P<0.05) from rest. 
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Figure 6. Change in strong ions from rest (time 0) during repeated sprint exercise. Horses were 
administered either NaHCO, or water intragastrically 2.5 hours prior to time O and 
exercise. Strong ion difference ([SID]) is the net difference between the total 
concentration of cations and anions, and [Lac’] is the blood lactate concentration. 
Significantly different (P<0.05) between treatments. 
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Figure 7. Change in independent variables from rest (time 0) during repeated sprint 
exercise. Horses were administered either NaHCO, or water intragastrically 1.5 
hours prior to time 0 and exercise. Independent variables are strong ion difference 
([SID]}), Pco., and total weak acids ([A,,,]). Positive and negative values represent an 
increase and decrease, respectively, from resting values. Significantly different 
(P<0.05) from rest. 

Journal Paper 2. Contribution to acid-base changes 114



Contribution to change in [H* ] 

  

  

      

. ar Water treatment —= Net change in [H*] 
Cr] be 

£ — {SID} 
—e of __ p 
i L = CO4 

=> _ + Trot] 2 4) j 
2 of / / =& = 2+ yy 

+ L 7 
= Z 
= 0 
® 
=. 

a -2 

6 | 
-4 __| J J —_! J —_[ i ____} 

0 1 2 3 4 5 6 7 B 9 

Sprint number 

86 NaHCO, treatment Contribution to change in [H*] 

wea Net change In [H*] 

— {SID} (mmol/f_) 

—- Peo, (mmHg) 

Are] (afd) 

Oo T 

      

T
T
 

T
T
 

eet ee tet eet ew Hm ee Le TRS Oe 

  

Ch
an

ga
 

In 
[H
*]
 
(n

mo
l/

L)
 
fr

om
 

re
st
 

Nh
 

    
  

0 ws cee 

5 ™~ 

“a * 

-2 L * 7S * 
~~ 

~ 
rT sw * 

-4 I l i. t \ _| \ _i * 

0 1 2 3 4 5 6 f 6 9 

Sprint number 

Figure 8. Net change in plasma [H*] from rest (time 0) during repeated sprint exercise, and the 
contribution by independent variables to the change in [H*]. Horses were administered 
either NaHCO, or water intragastrically 2.5 hours prior to time O and exercise. 
Independent variables are strong ion difference ((SID]), Pco,, and total weak acids 
([A,,]). Positive and negative values represent an increase and decrease, respectively, 
from resting values. Significantly different (P<0.05) from rest. 
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Figure 9. Net change in plasma [HCO] from rest (time 0) during repeated sprint exercise, and 
the contribution by independent variables to the change in [HCO]. Horses were 
administered either NaHCO, or water intragastrically 2.5 hours prior to time O and 
exercise. Independent variables are strong ion difference ({SID]), Pco., and total weak 
acids ({Aj J). Positive and negative values represent an increase and decrease, 
respectively, from resting values. Significantly different (P<0.05) from rest. 
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Figure 10. Change in strong ions from rest (time 0) during repeated sprint exercise. Horses 
were divided into two dietary groups, control and high fat (10% com oil). Strong ion 

difference ({SID}) is the net difference between total concentration of cations and anions, 
and [Lac] is blood lactate concentration. Significantly different (P<0.05) between 
diets. 
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Figure 11. Change in independent variables from rest (time 0) during repeated sprint exercise. 

Horses were divided into two dietary groups, contro! and high fat diet (10% corn oil). 
Independent variables are strong ion difference ({SID]), PCoz, and total weak acids 
(Ato). Positive and negative values represent an increase and decrease, respectively, 
from resting values. Significantly different (P<0.05) from rest. 
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Figure 12. Net change in plasma [H*] from rest (time 0) during repeated sprint exercise, and 
contribution by independent variables to the change in [H+]. Horses were divided into 

two dietary groups, contro! and high fat (10% corn oil). Independent variables are strong 
ion difference ([SID]), Pco., and total weak acids ({A,,]). Positive and negative values 
represent an increase and decrease, respectively, from resting values. Significantly 
different (P<0.05) from rest. 
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Figure 13. Net change in plasma [HCO,"] from rest (time 0) during repeated sprint exercise, 
and contribution by independent variables to the change in [HCO,]. Horses were 
divided into two dietary groups, control and high fat (10% com oil). Independent 
variables are strong ion difference ((SID]), Pco., and total weak acids ({A,,,J). Positive 

and negative values represent an increase and decrease, respectively, from resting 
values. Significantly different (P<0.05) from rest. 
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Journal Paper 3: Role of erythrocytes in acid-base homeostasis 

during exercise in horses. 

Abstract 

The role of erythrocytes in acid-base homeostasis during exercise in 

horses was examined. Contributions of strong ion difference ([SID]), PCOo, 

and concentration of total weak electrolytes ([Atot]) to changes in plasma and 

intraerythrocyte [H*] during exercise were determined. Six conditioned Arabian 

horses performed a repeated sprint exercise test, and changes in strong ion 

and weak electrolyte concentrations and PCO, in plasma and erythrocytes were 

compared to changes in plasma [H*]. 

Plasma PCO, (P=0.0026) and [Ajo] (P=0.0001) increased during 

exercise, which contributed to increasing plasma [Ht] (P=0.0220 and 

P=0.0001, respectively) with exercise. Increased plasma [SID] (P=0.0160) 

contributed to decreasing, or prevented a further increase in [H*] (P=0.0228). 

Erythrocyte [Nat] decreased, and RBC[K*] and RBC[Lac-] increased during 

exercise (P=0.0001), causing RBC[SID] to decrease (P=0.0002). Erythrocyte 

[Atot] increased (P=0.0002) due to reduced volume size of the cells. Changes 

in RBC[SID] and RBC[Ato¢] during exercise contributed to increasing [H*] 

within erythrocytes (P=0.0006 and P=0.0263, respectively). 

Erythrocytes may play an important part in regulating plasma [H+] during 

exercise in horses. Decreased RBC[SID] and increased RBC[Atot] during 

exercise in horses contributed to increasing [H*] within the cells. 
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Introduction 

During exercise in horses, there is a marked increase in hematocrit 

(HCT) due to splenic release of erythrocytes (Torten and Schalm, 1964; Archer 

and Clabby, 1965; Persson et al., 1973a,b; McKeever et al., 1993a) . 

Splenectomized horses are incapable of intensive exercise due to the lack of 

increased circulating erythrocytes during exercise (Persson et al., 1973a, b; 

McKeever et al., 1993b). Acute polycythemia in human beings increases the 

individual's maximal aerobic power (Buick et al., 1980; Kanstrup and Ekblom, 

1984: Robertson et al., 1984; Spriet et al., 1986; Muza et al., 1987). Although, 

increased delivery of oxygen to working tissues is often considered the 

physiological mechanism responsible for increased exercise performance 

(Persson 1967; Cherniack, 1970), however improved buffering capacity has 

been suggested to contribute to this effect also (Buick et al., 1980; Spriet et al., 

1986). 

Whole blood behaves as two compartments, plasma and erythrocytes, 

with two unique physicochemical systems separated by a membrane 

selectively permeable to strong ions and weak electrolytes, but through which 

gases diffuse freely . Since there is a marked difference between erythrocytes 

and plasma with respect to ion concentrations and buffering characteristics, 

these two compartments would be expected to play different quantitative roles 

in distribution of ions within blood and in acid-base control during exercise. 

Since erythrocyte volume can increase by 25% and constitute over half of the 

blood volume in horses during exercise (Bayly et al., 1987; Harris and Snow, 

1988; McClay et al., 1992), movement of ions into or out of erythrocytes could 
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have a substantial effect on plasma acid-base balance. Increase in number of 

circulating erythrocytes increases both total cell volume and membrane surface 

within a volume of blood, which can influence movement of ions and water 

between plasma and erythrocytes. By altering the physicochemical properties 

within erythrocytes, movement of Ht between plasma and erythrocytes can 

occur and affect plasma [H*] (Stewart, 1981, 1983). 

The purpose of this study was to examine the role of erythrocytes in 

acid-base homeostasis in horses during exercise. Changes in strong ion and 

weak electrolyte concentrations, and PCO» in plasma and erythrocytes were 

compared to changes in plasma [H*] during exercise. 

Materials and Methods 

Horses - Six Arabian horses (4 to 5 yrs old; weighing 409.8 + 8.8 kg) 

were conditioned on a treadmill’ for 4 days per week for a minimum of 2 

months prior to the study. Conditioning exercise consisted of a warm up phase 

of 5 minutes at a walk (1.6 m/s) at an incline of 0%, and 4 minutes at a trot (3.2 

m/s) ata 6% slope. This was followed by three 2-minute gallops at increasing 

speeds (7, 8, 9 mis), with 4-minute trots (4.8 m/s) after each gallop, at an 

incline of 6%. The horses ended each training period with a walk (1.6 m/s) ata 

0% incline for 3 minutes. Horses were given grass hay ad libitum and a 

corn/supplement mix to meet requirements for mature horses in work (NRC, 

1989). 

  

1 Mustang 2200, Kagra International Inc., Fahrwangen, Switzerland. 
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Experimental protocol - All exercise tests were conducted in the 

morning, after 12 hours without food. Water was available ad libitum. A sterile 

polyethylene catheter2 was inserted percutaneously through the left jugular vein 

in the midcervical region, and the tip was advanced to the right atrium of the 

heart. The catheter was attached to a saline manometer? and placement of the 

catheter was confirmed by observation of pressure changes. Each horse 

underwent a repeated exercise sprint test consisting of a warmup phase and 5 

sprint/walk sequences. The warm up phase consisted of walking (1.8 m/s) for 5 

minutes at 0% incline, and then trotting for 5 minutes at 6% incline. The 

sprint/walk sequence consisted of a one-minute sprint (10 m/s), followed by a 

0.5-minute trot (3.2 m/s) and 3.5-minute walk (1.8 m/s), at 6% incline. Heart 

rates were recorded during each sprint using a digital heart monitor‘. 

Collection of samples and measurement - Blood was obtained at rest, 

prior to exercise while each horse stood quietly next to the treadmill (2 

samples, 10 minutes apart), and during the warm up phase and sprints 5 and 

6. Blood was withdrawn anaerobically into heparinized syringes (300 units 

lithium heparin® per 3ml) for plasma PCOs, and [H*], [Na*], [K*], and hematocrit 

(HCT) determinations. Blood was also withdrawn and mixed with heparin® for 

determination of whole blood lactate concentraton ({Lac7]), [Nat], [Kt], and 

[Cl]. Plasma was immediately separated from the remaining blood for 

  

Intramedic, PE-240, Clay Adams, Parsippany, N.J. 
No. 4147, Bard Parker, Rutherford, N.J. 
Polar Pacer, Polar CIC, Inc., Port Washington, N.Y. 
Lithium heparin, H-0878, Sigma Chemical Co., St. Lousi, Mo. 

Vacutainer #6484, Becton Dickenson and Company, Rutherford, N.J. O
o
a
n
h
 
W
h
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determination of plasma [Lac™] and [CI]. 

Plasma [H*] and PCO. were measured by electrodes’, correcting for 

body (rectal) temperature (Sigaard-Andersen, 1963). Plasma and lysed whole 

blood were analyzed for [Nat] and [K*] by ion selective electrodes’ and for 

[Cl-] by chloride titration? Plasma and whole blood samples were 

deproteinized with 8% perchloric acid and the supernatant analyzed for lactate 

by the lactate dehydrogenase method®. Plasma albumin concentration was 

determined by the bromcresol green method’9. Total hemoglobin concentration 

([Hb]) was determined using a cyanmethemoglobin method"! and HCT, defined 

as the percentage of red blood cell volume to total blood volume, was 

determined by measuring electrical resistance of erythrocytes in blood 

samples’. 

Calculations - Erythrocyte ion concentration (mmol/L) was calculated 

(Buono and Yeager, 1986): 

RBC[ion] = (WB[ion] - Pliion) x (1-HCT)) / HCT (1) 

where RBClion] is calculated ion concentration in erythrocyte volume, WB[ion] 

is measured ion concentration in lysed whole blood, Pi[ion] is measured ion 

concentration in plasma, and HCT is expressed as a fraction. 

  

7 Stat Profile 1, Nova Biomedical, Waltham, Mass. 

8 Chloridometer, Buchler Instruments, lenexa, Kan. 
9 Proc. No. 826-UV, Slgma Diagnostics, St. Louis, Mo. 
10 Proc. No. 631, Sigma Diagnostics, St. Louis, Mo. 

1 Proc. No. 525, Sigma Diagnostics, St. Louis, Mo. 
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was calculated: 

RBC[Hb] = [Hb]/HCT (2) 

where RBC[Hb] is the calculated [Hb] within erythrocyte volume (g/dL), and 

HCT is expressed as a fraction. 

Plasma strong ion difference ({SID]) was calculated as the difference 

between concentrations of strong cations and strong anions in plasma: 

[SID] = ({Na*] + [K*]) - ({Clr] + [Lac")) (3) 

Plasma [Aio¢] was calculated from plasma albumin concentration, 

assuming a change of 4.07 x 10-3 mol/L in anion species ({A-]) for each gram 

per dL change in plasma albumin concentration (Rossing et al., 1986). 

Free plasma [H*] was calculated from the equation (Stewart, 1981): 

[H*}* + (Ka + [SID] ) [H*}8 

+{Ka([SID} - [Atot]) - (Ke x Pog + K'w ) } [H*] 

-{ Ka (Ke x PCO + K'w) + (Kz X Ko x PCO) }[H*] 

-(Ka x Kz x Kg x PCO>)=0 (4) 

The dissociation constants used were Kg = 3.0 x 10°? mol/L (Stewart, 1983), 

Ke = 2.58 x 10-11 (mol/L)2 (Stewart, 1981), Kz = 6.0 x 10-11 mol/L (Edsall and 

Wymann, 1958; Stewart, 1981), K'w = 4.4 x 10°14 (mol/L)? (Harned and Owen, 
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1958; Stewart, 1981). 

Changes in erythrocyte volume (dL) during exercise were calculated: 

RBC volume = (RBC[Hb]reg¢ / RBC[HD]oxer ) (5) 

where RBC[Hb]reg¢ is RBC[Hb] at rest, and RBC[HD]exe, is RBC[Hb] during 

exercise (equation [2]). 

Erythrocyte [Atot] (RBC[A;o¢]) was assumed to be 0.06 mol/L (Stewart, 

1981) at rest, and changes in [Aip¢] were estimated from changes in cell volume 

(equation [5}). 

RBC[Aio¢] = 0.06 mol / RBC volume (6) 

Erythrocyte PCO, was considered to be equal to plasma values at rest 

and during exercise. Erythrocyte [SID] was calculated from equation (3) using 

values for RBC[ion] (equation [1]). 

The relative contribution of each independent variable ([SID], PCO2, and 

[Atot]) to changes in plasma and erythrocyte [Ht] during exercise was 

assessed by solving equation (4) while holding one independent variable 

constant at resting value and using measured values during exercise for the 

independent variables. Difference in calculated [H*] when all three measured 

independent variables were used and when one measured variable was held 

constant would be due to the contribution of the variable held constant. 

Statistical analysis - All results are presented as mean + SEM unless 
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stated otherwise. Analysis of variance for repeated measures was used to 

evaluate the effect of exercise. When indicated, Tukey's studentized range 

test was used to determine whether there were significant differences among 

means, and a probability of less than 0.05 was considered significant. 

Results 

All horses performed 6 sprintfwalk sequences during the exercise test. 

There were no differences in heart rates between sprints during the exercise 

tests (P=0.8468), and pooled heart rates recorded during sprints was 192 + 1.6 

beats/minute. 

Whole blood [Hb], HCT and RBC[Hb] - Whole blood [Hb] and HCT 

increased (P=0.0001) during exercise (Table 1). Whole blood [Hb] was 2.3 

g/dL (20%) above resting values (P<0.05) during warm up phase, and 4.3 g/dL 

(38%) above resting values (P<0.05) during sprints 5 and 6. Hematocrit 

increased 7% during warmup exercise (P<0.05), and 11% during sprints 5 and 

6 (P<0.05). During exercise, RBC[Hb] increased (P=0.0008), and was 7% 

greater than resting values (P<0.05) during sprints 5 and 6 (Table 1). 

Plasma and whole blood ion concentration - Plasma [Na*] increased 

and whole blood [Nat] decreased during exercise (P=0.0001; Table 2). 

Plasma [Na*] increased 3.9 mmol/L (2.8%) above resting values (P<0.05) 

during sprints 5 and 6, while whole blood [Nat] decreased 5.5 mmol/L (11%) 
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below resting values after warmup exercise (P<0.05), and 15 mmol/L (29%) 

below resting values during sprints 5 and 6 (P<0.05). 

Plasma and whole blood [Kt] increased (P=0.0001) during exercise 

(Table 2). Plasma [Kt] increased by 0.9 mmol/L (24%) above resting values 

(P<0.05) after warmup exercise, and 1.6 mmol/L (42%) above resting values 

during sprints 5 and 6 (P<0.05). Whole blood [Kt] increased by 9 mmol/L 

(23%) above resting values (P<0.05) after warmup exercise, and 16 mmol/L 

(41%) above resting values during sprints 5 and 6 (P<0.05) 

Plasma and whole blood [Cl-] decreased (P=0.0001) during exercise 

(Table 2). Whole blood [Cl-] decreased 2.7 mmol/L (3%) below resting value 

(P<0.05) after warmup exercise, and 4 mmol/L (5%) below resting values 

(P<0.05) during sprints 5 and 6. Plasma [Cl-] decreased 3 mmol/L (3%) below 

resting values (P<0.05) during sprints 5 and 6. 

Plasma and whole blood [Lac™] increased (P=0.0001) during exercise 

(Table 2), and was increased 4.8 mmol/L (12-fold) and 7 mmol/L (14-fold), 

respectively, during sprints 5 and 6 (P<0.05). 

Erythrocyte ion concentration (RBCfion]) - Erythrocyte [Nat] decreased 

and RBC[K*] and RBC[Lac7} increased during exercise (P=0.0001; Table 2). 

Erythrocyte [Nat] was 5.4 mmol/L (11%) below resting values after warm up 

exercise, and 14 mmol/L (29%) below resting values (P<0.05) during sprints 5 

and 6. Erythrocyte [K*] was 4.5 mmol/L (4%) above resting values (P<0.05) 

after warm up exercise, and 10 mmol/L (10%) above resting values (P<0.05) 

during sprints 5 and 6. Erythrocyte [Lac’] was 8- to 9-fold greater (P<0.05) 

than resting values during sprints 5 and 6. There was no change (P=0.8141) 
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in RBC[CI-] during exercise. 

Changes in plasma and erythrocyte [SID], PCO2, [Ato;] - Plasma [SID] 

changed (P=0.0160) during exercise (Table 3), and was 3 mmol/L above 

resting values (P<0.05) during warm up phase, then returned to values similar 

to those at rest (P>0.05) during sprints 5 and 6. Plasma PCO, increased 

(P=0.0026), and was 5 mmHg (11%) above resting values (P<0.05) during 

warm up exercise. Plasma PCO, decreased with continued exercise 

(P=0.0026), but remained 2 to 3 mmHg above resting values (P<0.05) during 

sprints 5 and 6. Plasma [A¢o¢] increased during exercise (P=0.0001), and was 

0.25 g/dL (8%) above resting values (P<0.05) during sprints 5 and 6. 

Erythrocyte [SID] decreased (P=0.0002), and was 5.5 and 9.5 mmol/L 

below resting values (P<0.05) during sprints 5 and 6, respectively. Erythrocyte 

[Ato] increased (P=0.0002), and was 28% greater than resting values (P<0.05) 

during warm up phase, and 40% greater (P<0.05) during sprints 5 and 6. 

Validation of the physicochemical approach - Plasma [H+] measured 

directly by electrodes were compared to plasma [H*] values calculated from 

measurements of plasma [SID], PCO2, and [Ajo] (Figure 1). The equation 

describing these data is: 

y = (1.06 + 0.12) x - (7.44 + 481) 

where y is calculated [H*] (nmol/L), x is measured [Ht] (nmol/L), and F 

=0.0001, r= 0.8745, and SE(y) = 1.32. 
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Effect of [SID], PCO», and [Ato:] on [H*] - Measured plasma [H™] 

increased (P=0.0073; Table 3), and was 2.26 nmol/L above resting values 

(P<0.05) during sprints 5 and 6. Changes in plasma [SID] (P=0.0228), Pcos 

(P=0.0220), and [Aj] (P=0.0001) during exercise affected plasma [H*]. 

Increased plasma PCO, caused an increase in plasma [H*] of 3.89 nmol/L 

during warm up exercise (P<0.05), and 2.49 nmol/L during sprints 5 and 6 

(P<0.05). Increased plasma [Aj,;] during exercise also caused an increase in 

[H*] of 0.55 nmol/L during warm up exercise ( P<0.05), and 1.03 nmol/L during 

sprints 5 and 6 ( P<0.05). In contrast, increased plasma [SID] contributed to 

decreasing, or prevented a further increase, in plasma [H*] of 3.16 nmol/L 

during warm up exercise (P<0.05), and 1.02 and 1.73 nmol/L during sprints 5 

and 6 (P<0.05). 

Decrease in [SID] within erythrocytes caused [H*] to increase 

(P=0.0006) by 5.47 nmol/L during warm up exercise (P<0.05), and 9.81 and 

14.92 nmol/L during sprints 5 and 6 (P<0.05) within erythrocytes. Increased in 

RBC[Ato] caused [H*] to increase slightly by 1.10 nmol/L during warm up 

exercise (P>0.05), and to increase by 7.13 nmol/L during sprints 5 and 6 

(P<0.05). 

Discussion 

The present study examined the role independent variables ([SID], 

PCO, and [Ato¢]) have in modulating plasma and intraerythrocyte [H*] during 

exercise. Blood was obtained from a central venous location in this study, in 
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contrast to other studies which sampled blood draining either active (McKelvie 

et al., 1991; Lindinger et al., 1992) or inactive (Bodemann et al., 1987; 

Heigenhauser et al., 1987; Lindinger et al., 1990) muscle, or arterial blood 

(McKelvie et al., 1991; Lindinger et al., 1992). Erythrocyte concentrations in 

this study were determined by calculation using the measured plasma and 

whole blood ion concentrations (Buono and Yeager, 1986: McKelvie et al., 

1991), as opposed to washing the cells (Hespel et al., 1986a, b) which may 

cause alterations in erythrocyte ion concentrations. 

Changes in HCT and RBC/Hb] - In the present study, HCT increased 

from 36% at rest to 47% during sprints, which indicated increased total 

erythrocyte volume by one-third. Increase in HCT observed in horses during 

exercise is due mainly to increased number of circulating erythrocytes from 

splenic contraction, and partly to decrease in plasma volume (Persson, 1967; 

Masri et al., 1990; McKeever et al., 1993a). During intense exercise in horses, 

maximal values of 60% have been observed (Bayly et al., 1987; Harris and 

Snow, 1988; McClay et al., 1992). 

In this study, RBC[Hb] decreased during exercise, indicating cell 

dehydration as fluid moved out of the cell and erythrocyte volume decreased. 

Osmotic pressure of fluids surrounding erythrocytes are responsible for 

variations in cell volume (Guest, 1948; Ponder, 1940; Savitz, et al., 1964). 

During exercise in human beings, erythrocytes can maintain a constant volume 

in spite of increased plasma osmolality (Boning et al., 1976; van Beaumort, 

1973; van Beaumont and Rochelle, 1974). Influence of osmotic force in human 

erythrocytes can be offset by an increase in erythrocyte volume through the 
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chloride-shift mechanism during increased acidification of blood during 

exercise (van Beaumont et al., 1981). Individual variations in erythrocyte 

volume, however, were observed in human beings during exercise (Costill et 

al., 1974). One subject showed a gradual swelling of erythrocytes at exercise 

levels of 30% of maximal O» uptake (VO2max), while two other subjects showed 

cell shrinkage at a similar workload and plasma osmolality. Osmolality was not 

measured in this study, however, an increase in osmolality was indicated by 

increases in plasma albumin concentrations and [Na*] and [K‘}. 

Changes in plasma and erythrocyte cation concentrations - During 

repeated sprints in horses, PI[K*] and RBC[K*] increased in central venous 

blood. Increased PI[Kt] and RBC[K*] were observed in arterial blood in human 

beings during maximal exercise (McKelvie et al., 1987, 1991; Lindinger et al., 

1992). Bodemann et al. (1987) did not observe a change in venous RBC[K*] 

during cycling exercise in human beings, however, RBC[Nat] decreased 

against a concentration gradient, similar to that found in the present study. 

Decreased RBC[Na*] was attributed to Nat, Kt-ATPase activity, and similar 

movement of Nat out of erythrocytes has been observed during rest after 

exogenous ft-adrenergic stimulation in human beings (Bodemann et al., 1987). 

Endogenous catecholamines have also been shown to enhance movement of 

plasma Kt against its concentration gradient during and after exercise 

(Williams et al., 1985). Movements of Kt and Na* across erythrocyte 

membranes in this study were against concentration gradients, and were 

probably due to Nat, Kt-ATPase activity. Although endogenous 

catecholamines were not measured in this study, adrenergic stimulation was 
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evident by increases in HCT (Persson, 1967; Persson et al., 1973a, b) 

observed in these horses. 

Although erythrocyte Nat, Kt-ATPase activity was increased in human 

beings after 50-m cross-country run (Hespel et al. 1986b), RBC[K+t] was 

decreased and RBC[Na*] was increased. Consequently, other mechanisms 

may be involved in vivo, such as Nat-Kt cotransport system or passive red cell 

permeability (Ellory and Tucker, 1983). Handling of blood after removal from 

the animal can also affect concentrations of ions in erythrocytes and plasma. 

Biood samples maintained at lowered temperatures can decrease Nat, Kt- 

ATPase activity, and cause lowered erythrocyte [K*] (Leaf, 1956). Blood 

samples were prewarmed to body temperature before assaying for plasma [K*] 

and [Na‘] in the present study. 

Venous plasma draining nonexercising muscle has lower [Kt] compared 

to arterial blood (Sjogaard, 1986; Lindinger et al., 1990; Rolett et al., 1990). 

Heignehauser et al. (1987) demonstrated a decrease in both plasma and 

erythrocyte [K*] during exercise as blood traversed less active muscle, 

indicating uptake of Kt by muscle. During cycling exercise at 60% of maximal 

exercise capacity in human beings, RBC[K*] in blood draining less active arm 

muscles was not different from resting values, while at 80% of maximal 

exercise capacity RBC[Kt] decreased from resting values (Hespel et al., 

1986a). Erythrocyte [Kt] also decreased from resting values in blood draining 

head and neck regions of horses during exercise at maximal intensity 

(Freestone et al., 1991). 

During exercise, Kt moves into plasma as blood perfuses active muscle 

(Heignehauser et al., 1987). Venous plasma draining active muscle has 

Journal Paper 3. Role of erythrocytes in acid-base changes 134



greater plasma [K*] compared to arterial plasma [K*] (McKelvie et al., 1990; 

Lindinger et al., 1992), however, femoral venous RBC[K*] was not different 

from arterial erythrocyte [Kt] during maximal cycling exercise in human beings 

(McKelvie et al., 1990; Lindinger et al., 1992). 

Changes in erythrocyte anion concentrations - The importance of Cl-- 

shift in eliminating CO. from tissues and blood is established, however, this 

anion exchange process is also involved in other processes including control of 

cell pH and regulation of cell volume (Dalmark, 1975; Lowe and Lambert, 

1983). Femoral venous RBC[CI-] increased during repeated bouts of maximal 

exercise in humans beings (Heigenhauser et al., 1987; McKelvie et al., 1991; 

Lindinger et al., 1992), and during cycling with increasing work load (Boning et 

al., 1976), and is due to the Cl--shift (Dalmark, 1975; Lowe and Lambert, 

1983). In studies where increased RBC[CI-] occurred, femoral venous plasma 

PCO, increased 11 to 49 mmHg in studies (McKelvie et al., 1991; Lindinger et 

al., 1992), and marked acidosis occurred with plasma [H*] increasing 11 to 56 

nmol/L during exercise (Boning et al., 1976; McKelvie et al., 1991; Lindinger et 

al., 1992). In the present study, no Cl--shift was observed, however central 

venous plasma PCO» increased only 3 to 5 mmHg and plasma [H*] increased 

only 3 nmol/L during exercise. 

Venous RBC[Lac"] increased during exercise in horses in the present 

Study, and is probably due to movement of Lac” into erythrocytes and not to 

production within erythrocytes (Mairbaurl et al., 1986). A plasma-to-erythrocyte 

concentration gradient of 1.8 in [Lac™] existed at rest in the present study, and 

increased to 2.6 during exercise. An increase in the plasma-to-erythrocyte 
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concentration gradient was also observed in human beings during exercise, 

however, no initial gradient was observed at rest (Buono and Yeager, 1986). 

During exercise, plasma-to-erythrocyte [Lac"] gradient observed in horses was 

greater than that observed in human beings (Buono and Yeager, 1986; Harris 

and Dudley, 1989; McKelvie et al., 1991; Lindinger et al., 1992), even though 

Pi[Lac-] did not increase to the same extent as in human beings. 

Erythrocyte effect on acid-base homeostasis - Erythrocytes are a 

separate compartment from plasma with their own physicochemical system; 

consequently, erythrocytes cannot affect plasma [H*] directly (Stewart, 1981). 

Since [H*] is determined by [SID], PCO2, and [Ajo], changes in these 

independent variables within erythrocytes can affect movement of Ht across 

erythrocyte membranes. 

Carbon dioxide, a small nonpolar molecule, readily diffuses through 

erythrocyte membranes, and is rapidly hydrated to form HCO3” and Ht in a 

reaction catalyzed by carbonic anhydrase. Because this reaction rapidly 

reaches and remains at equilibrium, PCO», within erythrocytes is considered 

similar to plasma. Since PCO, in plasma and within erythrocytes are similar, 

this independent variable cannot cause a movement of H* between these two 

compartments. 

Membranes are impermealbe to weak electrolytes, which are mostly 

proteins in plasma and erythrocytes (Stewart, 1981). Although there is little or 

no movement of this independent variable between these two compartments, 

alteration in [Ayo4] can occur through movement of water across the erythrocyte 

membrane. In the present study, cell dehydration occurred which increased 
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membrane. In the present study, cell dehydration occurred which increased 

RBC[Aio¢], and resulted in increasing RBC[A™]. To maintain the dissociation 

equilibrium for weak electrolytes, increased [A;o4] would increase [Ht] (Stewart, 

1981). 

Summary - Changes in erythrocyte ion concentrations observed in this 

study have two important implications. First, movement of K* and Lac™ into 

erythrocytes may act to modulate the increase in plasma [Kt] and [Lac*] during 

exercise and may play a role in maintaining the muscle-to-plasma 

concentration gradients. Secondly, changes in [SID] and [Atot] observed in 

erythrocytes may be responsible for free H* shift from plasma into erythrocytes, 

contributing to maintaining plasma [H*]. 
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Figure 1. Comparison of [H*] calculated from the measurements of independent variables 
and [Ht] measured directly with electrodes. The regression equation was determined: 
y=(1.06 + 0.12) x- (7.44 + 4.81), where y is measured [H*], x is calculated [H*], 
and SE(y) = 1.32 nmol/L, r = 0.8745, and P = 0.0001. 
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Journal Paper 4. Lactate distribution and hematocrit responses 

between plasma and erythrocytes following epinephrine 

administration in horses. 

Abstract 

Epinephrine was administerd to healthy horses at 0.10, 0.15, 0.20, and 

0.30 mg per 100 kg body weight to induce splenic contraction and increase 

circulating erythrocytes during rest. Baseline HCT was 38.2 + 1.2% with a 

range of 33% to 47%. Hematocrit increased within one minute after 

epinephrine administration, reached a maximum of 48 to 58% at 2.6 + 0.1 min, 

and then gradually decreased over the remaining sampling period (Figure 1). 

Hematocrit response to epinephrine administration differed among dosages 

(P=0.0083; Figure 1; Table 1). These responses did not appear to be dosage 

related, and 0.20 and 0.30 mg per 100kg body weight dosages produced a 

greater HCT response (P<0.05) compared to 0.10 mg per 100kg body weight 

dosage (Table 1). There were no differences in maximal HCT (P=0.2080) or in 

time to reach maximal HCT (P=0.5784; Table 1). 

Plasma [Lac"], WB[Lac’] and RBC[Lac’] increased above baseline 

values after administration of epinephrine (P=0.0001; Table 2). There were no 

differences in Pl[Lac™], WBj[Lac"], and RBC[Lac-] among pretreatment 

(baseline) samples (P<0.05). Plasma [Lac™] and WB[Lac’] were higher than 

baseline values (P<0.05) after epinephrine administration at all dosages, and 

RBC[Lac’] was greater than baseline values (P<0.05) after administration of 
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epinephrine at 0.20 and 0.30 mg per 100kg body weight dosages. After 

administration of epinephrine at 0.30 mg per 100kg body weight dosage, 

Pi{Lac-] and WB[Lac"] were higher than comparable values at lower dosages 

(P<0.05). Calculated Pli[Lac"], assuming RBC[Lac’] remained constant (i.e., no 

influx of Lac), was higher than measured Pl[Lac-] (P=0.0001). After 

administration of epinephrine at 0.30 mg per 100kg body weight dosage, 

calculated Pi[Lac"] values were higher (P<0.05) than comparable measured 

Pl{Lac"] values. 

Movement of Lac™ into erythrocytes in horses reduces the lactate 

concentration within plasma. Increased erythrocyte volume due to increased 

HCT along with influx of Lac” into erythrocytes may facilitate muscle-to-plasma 

lactate flux. 

introduction 

Blood lactate concentration has been used to evaluate performance 

during exercise in horses (Snow and McKenzie, 1977; Bayly et al., 1987). 

Distribution of lactate in blood, however, is not usually homogeneous. 

Significant differences between lactate concentration in plasma and 

erythrocytes in blood samples have been observed in human beings (Decker 

and Rosenbaum, 1942; Buono and Yeager, 1986; Harris and Dudley, 1989; 

Foxdahl et al., 1990). One study reported a lactate difference between plasma 

and erythrocytes at rest, which increased following exercise (Harris and 

Dudley, 1989). Similar concentrations of lactate in erythrocyte and plasma 
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were observed at rest and during low work rates (< 50% VOodmax), but a 

significant plasma to erythrocyte difference at work loads > 75% VQ2max 

(Buono and Yeager, 1986). Plasma lactate concentration is greater than whole 

blood concentration at rest and during exercise in horses (Marlin et al., 19971), 

indicating a lower lactate concentration in erythrocytes compared to plasma. 

if erythrocyte lactate concentration is lower than plasma _ lactate 

concentration, variations in hematocrit can affect whole blood lactate 

concentrations. This relationship would not be critical in most animals since 

the hematocrit does not usually vary over a short time. Horses and true seals 

(Phocidae) are exceptions, however, since rapid alterations in HCT occur 

during excitation and exercise in the former (Persson, 1967), and during apnea 

and diving in the latter (Qvist et al., 1986; Castellini et al., 1986). 

Consequently, as hematocrit varies, the concentration of lactate in whole blood 

can also vary due to the change in the number of erythrocytes, independent of 

metabolic status of the animal. 

The differences in erythrocyte and plasma lactate concentrations at low 

hematocrit levels and during increased hematocrit levels may be of practical 

importance. It may be invalid to directly compare results from studies 

measuring lactate concentration in whole blood versus plasma. This would be 

important during exercise and other physiologic states, such as colic (Parry et 

al., 1983; Orsini et al., 1988), when increases in blood lactate content and 

hematocrit are used as a prognostic indices. 

The purpose of this study was to evaluate lactate concentration in 

plasma, erythrocytes and whole blood during normal and increased hematocrit 

levels in horses. Administration of epinephrine was used to induce splenic 

Journal Paper 4. Epinephrine effect on erythrocyte lactate 150



contraction and elevate circulating erythrocytes in horses at rest, since 

perturbations in blood composition are likely to be more consistent following 

epinephrine injection than during exercise. 

Materials and Methods 

Horse and study design - Four horses (3 mares and 1 gelding) of mixed 

breeds, weighing between 450 and 550 kg, were used in this study. During test 

periods each horse was maintained in 4- x 4- m box stall bedded with wood 

shavings. The horses were fed grass hay and a corn/supplement mix to meet 

maintenance requirements (NRC, 1989). 

The experimental design was a 4 x 4 Latin square design with one day 

between each test. Treatments consisted of epinephrine’ (0.10, 0.15, 0.20 and 

0.30 mg per 100 kg body weight) administered intravenously. A 16 gauge, 5.1 

cm catheter?, placed in a jugular vein one hour prior to sampling, was used for 

administration of epinephrine and sample collection. Two blood samples were 

obtained at 5-minute intervals before administration of epinephrine for 

determination of hematocrit and whole blood and plasma_ lactate 

concentrations. After epinephrine administration blood samples were obtained 

every minute for 10 minutes and then every 5 minutes up to 30 minutes for 

determination of hematocrit and at 10, 15 and 20 minutes for determination of 

plasma and whole blood lactate concentrations. 

  

1 Anapro Pharmaceutical, Arcadia, Calif. 
2 Angiocath, Deseret Medical, Inc., Sandy, Utah. 
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Hematocrit (HCT) and lactate determination - An aliquot of blood was 

added to lithium heparin?, and the fraction of erythrocyte volume in whole blood 

or HCT was determined using microhematocrit capillary tubes4¢ and a 

microhematocrit centrifuge>. Aliquots of whole blood and plasma were mixed 

with cold 8% perchloric acid (1:2), and the supernatant removed and stored at - 

80 C for lactate assay by a lactate dehydrogenase method®. 

Lactate concentration in the erythrocyte volume was calculated by the 

equation (Decker and Rosenbaum, 1942): 

RBC[Lac’] = (WB[Lac"] - Pl[Lac’] (1-HCT)) / HCT 

where RBC[Lac’] is calculated erythrocyte lactate concentration, WB[Lac’] is 

measured whole blood lactate concentration (mmol/L), Pl[Lac-] is measured 

plasma lactate concentration (mmol/L), and HCT is measured hematocrit 

(expressed as a fraction). 

Plasma [Lac™] was also calculated assuming that there was no influx of 

lactate into erythrocytes (i.e., erythrocyte concentration remained constant): 

Pli[Lac-] = (WB[Lac™] - RBC[Lac"]pase) / (1-HCT) 

where RBC[Lac"]pase is [Lac™] within erythrocytes prior to administration of 

epinephrine (baseline values). 

Statistical analysis - Changes in response between treatments were 
  

3 Vacutainer #6484, Becton Dickenson and Company, Rutherford, N.J. 

4 Chase Instruments Corp., Glen Falls, N.Y. 
S MCHII Model 0556, Clay Adams, Parsipanny, N.J. 
8 Proc. 826-UV, Sigma Diagnostics, St. Louis, Mo. 

Journal Paper 4. Epinephrine effect on erythrocyte lactate 152



subjected to analysis of variance for a Latin square design. Main effects were 

mare, treatment (dose of epinephrine), and period (treatment sequence). Data 

are expressed as means + SEM, and means were compared using Tukey's 

studentized range test. 

Results 

Baseline HCT was 38.2 + 1.2% with a range of 33% to 47%. Hematocrit 

increased within one minute after epinephrine administration, reached a 

maximum of 48 to 58% at 2.6 + 0.1 min, and then gradually decreased over the 

remaining sampling period (Figure 1). Hematocrit response to epinephrine 

administration differed among dosages (P=0.0083; Figure 1; Table 1). These 

responses did not appear to be dosage related, and 0.20 and 0.30 mg per 

100kg body weight dosages produced a greater HCT response (P<0.05) 

compared to 0.10 mg per 100kg body weight dosage (Table 1). There were no 

differences in maximal HCT (P=0.2080) or in time to reach maximal HCT 

(P=0.5784;, Table 1). Clinical signs, such as tachypnea, restlessness and 

anxiety, sweating, muscle tremors, and reduced mucous membrane capillary 

refill time, were noted in all horses after 0.30 mg per 100 kg body weight 

dosage and occasionally at lower dosages. 

Plasma [Lac-], WB[Lac7] and RBC[Lac’] increased above baseline 

values after administration of epinephrine (P=0.0001; Table 2). There were no 

differences in Pl{Lac™], WB[Lac], and RBC[Lac7]) among pretreatment 

(baseline) samples. Plasma [Lac-] and WB[Lac™] were higher than baseline 

values (P<0.05) after epinephrine administration at all dosages, and RBC[Lac™] 
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was greater than baseline values (P<0.05) after administration of epinephrine 

at 0.20 and 0.30 mg per 100kg body weight dosages. and WBj[Lac”] were 

higher than comparable values at lower dosages (P<0.05). Calculated Pli[Lac™] 

assuming RBC[Lac"] remained constant (i.e., no influx of Lac~) was higher than 

measured Pl[Lac"] (P=0.0001). After administration of epinephrine at 0.30 mg 

per 100kg body weight dosage, calculated Pli[Lac™] values were higher 

(P<0.05) than comparable measured PI[Lac’] values. 

Discussion 

Resting HCT levels in our horses were within the wide normal ranges 

found for horses (Jain, 1986; Schalm, 1984; Snow and Martin, 1990). Even 

when samples are obtained under careful standardized conditions to ensure 

that horses are at rest and to prevent excitement, considerable variations can 

be expected in the number of circulating erythrocytes (Persson, 1969). 

Hematocrit was increased within one minute after epinephrine 

administration and reached a maximum of 48 to 59% at 2 to 3 minutes. Earlier 

studies showed a maximum hematocrit of approximately 50 to 70% occurring at 

4 minutes after epinephrine administration (Persson, 1967; Lumsden et al., 

1975). Hematocrit declined 3% between 2 and 5 minutes post-injection after 

0.2 mg per 100 kg dosage, similar to the decline observed in another study 

(Snow and Martin, 1990). 

In the present study, plasma lactate concentration increased 2-fold 

after epinephrine injection in horses at rest. Epinephrine infusion during 

muscular contraction results in greater rate of muscle glycogenolysis and 
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increased appearance of lactate in blood (Issekutz, 1984; Stainsby et al., 1987; 

Spriet et al., 1988). Inactive muscle can also make a major contribution to 

blood lactate content during epinephrine infusion. After epinephrine infusion, 

plasma lactate concentration increased in dogs (Stainsby et al., 1984) and 

horses (Snow and Martin, 1990) at rest, and resting muscle lactate content also 

increased in human beings (Chasiotis and Hultman, 1985). 

Since erythrocyte glucose concentration in seals is lower than that of 

plasma, a 10% increase in HCT in seals during diving was calculated to have 

accounted for approximately 63% of the decrease in whole blood glucose 

observed, assuming erythrocyte glucose concentration did not change 

(Castellini and Castellini, 1989, 1992). When erythrocyte lactate concentration 

was assumed to remain relatively steady in this study, as would occur if there 

was no flux of lactate into erythrocytes, calculated plasma lactate concentration 

was between 7 and 32% greater than observed plasma concentrations. 

Summary- Movement of Lac” into erythrocytes in horses reduces 

plasma lactate concentration. Consequently, increased erythrocyte volume 

due to increased HCT along with such movement of lactate into erythroctyes, 

can reduce plasma lactate concentration and facilitate muscle-to-plasma 

lactate flux. 
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minutes) prior to epinephrine administration at 0 minutes. The dosage of epinephrine 
administration of epinephrine IV. Baseline samples were obtained (-15, -10, and -5 

was 0.10, 0.15, 0.20, and 0.30 mg per 100kg of body weight. 

Figure 1. Hematocrit (expressed as a fraction) measured in horses at rest prior to and after 
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Table 1. Mean hematocrit (HCT; expressed as a fraction of whole blood), maximal HCT, 

and time to reach maximal HCT after administration of epinephrine IV at various 

  

  

dosages. 

Epinephrine Mean HCTT Maximal HCT Time 

dosage* (min) 

0.10 0.4381 + 0.00694 0.5175 + 0.0175 2.50 + 0.20 

0.15 0.4533 + 0.00734 .5225 + 0.0125 2.38 + 0.24 

0.20 0.4710 + 0.00745 .5475 + 0.0171 2.63 + 0.38 

0.30 0.4673 + 0.00635 .5363 + 0.0114 2.75 + 0.25 

  

* mg per 100kg body wt 

T Difference among means (P=0.0083); means with different superscripts 
are different (P<0.05). 
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Table 2. Lactate concentration in plasma, whole blood, and erythrocytes. Epinephrine at 
different dosages was administered |V at time 0. Times at -15, -10, and -5 minutes 

represent baseline values prior to administration of epinephrine. 

  

Sample time 

(min) 

15 
10 
5 

10 

15 

20 

-15 
-10 

-5 

10 

15 

20 

-15 
-10 

-5 
0 

10 
15 
20 

Epinephrine dosage (mg/100 kg body wt) 

  

0.10 0.15 0.20 0.30 

  

0.462 + 0.1174 
0.447 + 0.0962 
0.459 + 0.0774 

0.815 + 0.174b¢ 
0.799 + 0.1615 
0.600 + 0.122abc 

0.334 + 0.1604 
0.318 + 0.1064 
0.340 + 0.1044 

0.622 + 0.182 
0.587 + 0.2172 
0.476 + 0.2218 

0.130 + 02745 
0.126 + .0602 
0.156 + .043a5 

0.370 + .034 
0.282 + .0554D 
0.288 + .102ab 

Plasma’ t (mmol/L) 

0.364 + 0.0454 
0.377 + 0.0664 
0.415 + 0.0524 

1.110 + .146D 
0.910 + 0.099b¢ 
0.730 + 0 .058° 

0.414 + 0.0234 
0.414 + 0.0538 
0.451 + 0.0574 

0.831 + 0.149b¢ 
0.817 + 0.1075 

0.718 + 0.083b¢ 

Whole blood’ t (mmol/L) 

0.286 + 0.0658 
0.301 + 0.1008 
0.290 + 0.0333 

0.810 + 0.186D 
0.675 + 0.1300 
0.540 + 0.085) 

0.349 + 0.1678 
0.355 + 0.1284 
0.402 + 0.15280 

0.635 + 0.117¢ 
0.737 + 0.146 
0.583 + 0.087) 

Erythrocytes" (mmol/L) 

0.155 + 0.0234 
0.172 + 0.03145 
0.131 + 0.0318 

0.404 + 0.0799 
0.337 + 0.020ab¢c 
0.247 + 0.051) 

0.157 + 0.1098 
0.263 + 0.0852 
0.325 + 0.1184 

0.404 + 0.0698 
0.618 + 0.1320 

0.436 + 0.0304 
0.443 + 0.0134 
0.469 + 0.0224 

1.414 + 0.21194 
1.569 + 0.1889+ 
1.491 + 0.1389 

0.348 + 0.0594 
0.336 + 0.0654 
0.369 + 0.0644 

1.031 + 0.219D+ 
1.096 + 0.11504 
1.089 + 0.13654 

0.210 + 0.0334 
0.172 + 0.0564 
0.209 + 0.0608 

0.538 + 0.070¢ 
0.553 + 0.153° 

0.394 +0.142abC 9.536 + 0.045¢ 
  

Data are expressed as mean + SEM and represent four horses. 

Means with different superscripts (letters) within a dosage (column) are different (P<0.05). 

" Effect of epinephrine administration over time (P=0.0001); T Effect of epinephrine dosage on 

plasma (P=0.0302) and whole blood (P=0.0156); + Different (P<0.05) from lower 
dosages at same time. 
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Table 3. Measured plasma lactate concentration and calculated lactate concentration in 
plasma assuming erytrhocyte concentration remained constant at baseline values 
(i.e., no influx of lactate). Epinephrine was administered IV at different dosages, and 
blood was obtained at 10, 15 and 20 minutes after administration. 

  

Epinephrine dosage (mg/100 kg body wt) 

  

  

Sample time 
(min) 0.10 0.15 0.20 0.30 

Measured plasma lactate (mmol/L) 

10 0.815 + 0.171 1.110 + 0.146 0.831 + 0.149 1.414 +0.211 

15 0.799 + 0.161 0.910 + 0.099 0.817 + 0.107 1.569 + 0.188 

20 0.600 + 0.122 0.730 + 0 .058 0.718 + 0.083 1.491 + 0.138 

Calculated plasma lactate (mmol/L) 

10 0.980 + 0.175 1.287 + 0.131 0.932 + 0.181 1.690 + 0.202* 

15 0.902 + 0.200 1.024 + 0.064 1.079 + 0.172* 1.771 + 0.099 

20 0.698 + 0.191 0.779 + 0.072 0.794 + 0.066 1.746 + 0.139 

  

Data are expressed as mean + SEM and represent four horses. 

* Different (P<0.05) from measured value at same time and dosage. 
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Journal Paper 5. Effect of sample handling on measurements of 

plasma glucose and blood lactate in horses before and after 

exercise. 

Abstract 

Collection of a satisfactory blood sample requires special procedures to 

prevent changes in glucose and lactate concentration after the specimen has 

been obtained. Changes in measured laboratory values of plasma glucose and 

blood lactate content due to anticoagulants and storage procedures, 

respectively, were examined in blood samples obtained from horses at rest and 

after exercise. 

To evaluate the effect of anticoagulants on measured plasma glucose 

concentration, blood was preserved with either sodium fluoride/potassium 

oxalate or lithium heparin. Measured values for plasma glucose concentration 

in blood obtained at rest and after exercise were 6 and 10% lower (P=0.0038), 

respectively, when blood was preserved with fluoride/oxalate compared to 

heparin. The erythrocyte volume in the whole blood sample was 15% smaller 

(P=0.0001) in samples preserved with fluoride/oxalate, indicating a movement 

of water out of erythrocytes in the blood sample mixed with fluoride/oxalate 

anticoagulant. 

To evaluate the effect of storage procedure on measured blood lactate 

concentration, part of the blood sample was immediately deproteinized for 

blood lactate analysis, and the remaining blood was maintained for 30 and 60 
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minutes at either O or 22 C before deproteinization. When blood samples were 

maintained at O C prior to deproteinization, there was no difference (P>0.01) in 

measured laboratory values for blood lactate concentration, regardless of 

incubation time, compared to samples immediately deproteinized. Measured 

blood lactate concentration was greater (P<0.01) in samples maintained at 22 

C compared to samples immediately deproteinized, and to equivalent samples 

maintained at 0 C. 

Blood preserved with fluoride/oxalate had lower plasma glucose 

concentrations compared to blood preserved with heparin, which was probably 

due to shrinkage of erythrocytes and dilution of the plasma with intracellular 

water. Minimum changes in blood lactate concentration were observed in 

samples maintained at O C up to 60 minutes. 

Introduction 

Analysis of glucose and lactate concentrations in blood provides 

valuable insights into carbohydrate metabolism during exercise (Richter et al., 

1986). Collection of satisfactory blood samples requires special procedures to 

prevent changes in glucose and lactate content after the specimen has been 

obtained. Mammalian erythrocytes are primarily dependent on glucose for 

energy requirements, and 90% of glucose utilized is metabolized via glycolysis 

forming lactate (Agar and Board, 1983). 

Serum glucose loss in samples can be attributed in part to bacterial 

contamination and erythrocyte metabolism. Average rate of decrease in serum 

glucose in whole blood obtained from human beings and clotted at room 
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temperature was approximately 7%, or 5 to 10 mg/dL, in 60 minutes 

(Weissman and Klein, 1958). Other workers found a decrease of only 1.0 mg 

per dL per hour when blood was drawn into sterile evacuated tubes and kept at 

lower temperatures (Sazama et al., 1979). 

A recommended method of preserving blood samples for plasma 

glucose analysis in clinical chemistry laboratories is to collect the blood sample 

into sterile evacuated tubes containing sodium fluoride and potassium oxalate 

which prevent glycolysis and clotting (Tietz, 1986; Kaneko, 1980; Coles, 1986; 

Duncan and Prasse, 1986). A disadvantage of this method, however, is that 

fluoride/oxalate can cause shrinkage and partial hemolysis of erythrocytes 

(Boyd and Murray, 1937). 

Collection of a satisfactory blood sample for lactate analysis requires 

special procedures to prevent changes in lactate after sample collection. 

Whole blood should be immediately deproteinized since erythrocytes 

metabolize glucose to lactic acid, resulting in positive bias (Bueding and 

Goldfarb, 1941; Harvey and Kaneko, 1976). Preservation of lactate by 

deproteinization of whole blood, however, is not always convenient at time of 

sampling and it has been suggested that heparinized whole blood used for 

lactate analysis can be placed on ice as long as plasma is separated within 

one hour of collection (Pesce and Kaplin, 1987). 

The purpose of this study was to examine sampling techniques used in 

obtaining blood samples for plasma glucose and whole blood lactate analyses 

in the horse at rest and after exercise. The first study was to determine 

whether blood samples obtained from horses at rest and immediately after 

exercise and preserved with either sodium fluoride/potassium oxalate or lithium 
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heparin would alter estimated laboratory values for plasma glucose. The 

second study was to examine changes in estimated laboratory values for whole 

blood lactate concentration in samples maintained for 6O minutes at either O or 

22 C before deproteinization of samples. 

Material and Methods 

Horses, exercise protocol and sample collection - Seven conditioned 

Arabian horses (4 to 5 years of age), accustomed to exercising on a motorized 

treadmill’, were used in this study. Horses were exercised in the morning at 

least 2 hours after feeding. Exercise protocol consisted of a warmup phase of 

5 minutes at 1.6 m/s (0% slope) and 4 min at 3.2 m/s (6% slope), and 2-minute 

gallops at 7, 8 and 9 m/s (6% slope), with 4 minutes of trotting at 4.4 m/s (6% 

slope) at the end of each gallop. 

Blood samples were obtained by jugular venipuncture while each horse 

stood quietly next to the treadmill (rest), and within 1 minute after completion of 

exercise. 

Measurement of plasma glucose - Each blood sample was mixed 

completely, immediately divided into two sterile vacutainer tubes containing 

either sodium fluoride and potassium oxalate? or lithium heparin’, and mixed 

completely. Each sample was gently mixed and the erythrocyte volume in 

whole blood was measured in triplicate using a microhematocrit capillary tube4 
  

1 Mustang 2200, Kagra International Inc., Fahrwangen, Switzerland. 
2 Vacutainer #6484, Becton Dickenson and Company, Rutherford, N.vJ. 
3 Vacutainer #6474, Becton Dickenson and Company, Rutherford, N.J. 
4 Chase Instruments Corp., Glen Falls, N.Y. 

Journal Paper 5. Sample handling 166



and microhematocrit centrifuge’. Plasma was separated from cells by 

centrifugation and stored at -5 C until assayed for glucose using a hexokinase 

methods. 

Measurement of blood lactate - Each blood sample was mixed 

completely, and added to sterile vacutainer tubes containing lithium heparin,’ 

and an aliquot of whole blood was deproteinized with cold 8% perchloric acid 

(1:2). The remaining sample was divided and incubated at either O C in ice 

water or 22 C at room temperature for 60 minutes. An aliquot of whole blood 

from each incubation sample was deproteinized at 30 and 60 minutes. 

Deproteinized samples were centrifuged, and supernatant removed and stored 

at -80 C until assayed for lactate by lactate dehydrogenase method’. 

Statistical analysis - Analysis of variance was used to evaluate effects 

of treatment (fluoride-oxalate or heparin) and exercise in the glucose study, 

and for incubation temperature, incubation time, and exercise in the lactate 

study. When indicated, Tukey's studentized range test was used to determine 

whether there were significant differences among means. 

Results 

Hematocrit and plasma glucose measurements - Plasma glucose 

concentration decreased in all samples (P=0.0001) regardless of the 

  

9 MCHI!, Model 0556, Clay Adams, Becton Dickenson and Company, Parsipanny, N.J. 
5 Proc. No. 16-UV, Sigma Diagnostics, St. Lousi, Mo. 
? Proc. No. 826-UV, Sigma Diagnostics, St. Louis, Mo. 

Journal Paper 5. Sample handling 167



anticoagulant used (Table 1). The observed laboratory values for plasma 

glucose concentration were 6 and 10% lower (P=0.0038) in blood samples 

obtained at rest and after exercise, respectively, when blood was mixed with 

fluoride/oxalate compared to heparin (Table 1). 

The erythrocyte volume in whole blood was 15% smaller when blood 

samples were mixed with fluoride/oxalate compared to heparin. Visual 

hemolysis was evident in only a few samples, but the degree of hemolysis was 

not consistent. 

Blood lactate concentration - Blood lactate concentration increased 

(P=0.0088) from 5.63 + 0.87 mg/dL at rest to 16.43 + 2.47 mg/dL after exercise, 

and ranged from 9.05 to 27.55 mg/dL. Blood lactate concentration in samples 

maintained at 0 C were not different (P>0.01) from those observed in samples 

immediately deproteinized, regardless of incubation time. The observed blood 

lactate concentration was greater (P<0.01) in samples maintained at 22 C 

compared to samples immediately deproteinized, and to equivalent samples 

maintained at 0 C (Table 2). 

Discussion 

In this study, differences in measured estimates of plasma glucose and 

blood lactate concentrations were observed due to differences in handling the 

blood samples after they were obtained from horses. Values for plasma 

glucose concentration were lower when blood was preserved with sodium 

fluoride/potassium oxalate compared to heparin. Laboratory values for blood 

Journal Paper 5. Sample handling 168



lactate concentration in blood maintained in an ice-water bath for 60 minutes 

were similar to values for blood immediately deproteinized. When blood was 

maintained at room temperature for 30 minutes, laboratory values for blood 

lactate were greater compared to values for blood immediately deproteinized. 

Plasma glucose concentration - Measured plasma _ glucose 

concentration was 6 and 10% lower when blood was preserved with 

fluoride/oxalate compared to heparin. Erythrocyte glucose concentration in 

many species, including the horse, is lower than that of plasma (Goodwin 1956; 

Coldman and Good 1967: Heath and Rose, 1969; Castellini and Castellini, 

1992), and contamination of plasma with intracellular contents can dilute the 

plasma glucose content. Decreases in erythrocyte volume (Boyd and Murray, 

1937; Alper, 1974) and hemolysis (Alper, 1974) have been observed in blood 

from human beings preserved with fluoride/oxalate. A characteristic red color 

was observed when plasma samples from human beings when contaminated 

with intraerythrocyte fluid from hemolysis of 1% of cells (Laessig et al., 1976). 

Even though erythrocyte volume decreased 15% in samples preserved with 

fluoride/oxalate in this study, visual hemolysis was not consistent. This 

suggests movement of water out of intact erythrocytes was mainly responsible 

for dilution of plasma glucose content in this study. Consequenlty, visual 

assessment of plasma will not indicate the extent of contamination with 

intraerythrocyte fluid when blood is preserved with fluoride/oxalate. 

Sodium fluoride/potassum_ oxalate is often used as a 

preservative/anticoagulant to prevent glycolysis and glucose metabolism in 

whole blood when plasma cannot be separated from erythrocytes immediately. 
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This study did not examine changes in plasma glucose concentration in blood 

samples where plasma was not removed immediately. To obtain laboratory 

results representing actual plasma glucose concentrations within the horse, 

plasma should be separated from erythrocytes immediately to prevent 

reduction of plasma glucose content through glycolysis. Although 

fluoride/oxalate prevents glycolysis, plasma glucose content is diluted 

immediately and the observed plasma glucose concentration can be reduced 

by 6 to 10%. 

Blood lactate concentration - Measured values for blood lactate 

concentration did not increase when samples were maintained at O C, 

regardiess of incubation time before deproteinization of the blood. However, 

when blood samples were maintained at room temperature, the observed blood 

lactate concentration values after 30 and 60 minutes of incubation were 1.74 

and 3.06 mmol/L, respectively, greater than values observed in blood 

immediately deproteinized. These are increases of 23 and 40%, respectively, 

above values observed in blood immediately deproteinized. Even though 

blood obtained after exercise contained a larger erythrocyte volume and 

greater capacity for lactate production, rate of increase in the laboratory values 

for blood lactate concentration were similar in samples obtained at rest and 

after exercise. 

Summary - Care should be taken to insure that minimal changes occur 

in vitro in blood samples obtained after exercise. Blood preserved with 

fluoride/oxalate as a preservative to prevent glycolysis and coagulation can 
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give falsely lower measured plasma glucose concentrations due to erythrocyte 

dehydration and hemolysis. Although glycolysis is not inhibited with heparin, 

this anticoagulant appears to be a better preservative for plasma glucose 

assays, provided plasma is separated immediately. Since deproteinization of 

blood for determination of blood lactate is inconvenient, this step can be 

delayed up to 60 minutes for samples obtained during rest or after exercise, 

because changes in measured values of blood lactate are minimal if the 

sample is maintained at 0 C. 
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Table 1. Observed laboratory values for plasma glucose concentration and erythrocyte 

volume of blood samples preserved with either lithium heparin or sodium fluoride- 

potassium oxalate. Blood was obtained from horses at rest and immediately after 

exercise. 

  

  

Heparin” Fluoride-oxalate 

Plasma glucose (mg/dL) 

Rest 99.74 + 3.17 93.97 + 2.16 

Exercise t 91.36 + 4.53 81.86 + 3.73 

Erythrocyte volume (ml/dL): 

Rest 35.71 + 1.66 29.86 + 1.52 

Exerciset 43.85 + 0.51 37.71 + 0.61 

  

Values are expressed as mean + SEM (n=7). 

" Effect of preservative on erythrocyte volume, P=0.0001; on plasma glucose concentration, 
P=0.0038. 

T Effect of exercise on erythrocyte volume, P=0.0001; on plasma glucose concentration, 
P=0.0009. 
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Table 2. Observed laboratory values for blood lactate concentration in samples deproteinized 
immediately and after 30 and 60 minutes of incubation at 0 and 30 C. Blood was 

obtained from horses at rest and after exercise. 

  

Incubation time * 

  

and temperaturet Rest Exercise + 

0 min 5.63 + 0.908 16.43 + 2.574 

30 min 

oc 5.71 + 0.898 17.24 + 2.884 

22C 7.32 + 1.02 19.02 + 2.69 

60 min 

oc 6.04 + 0.914 17.55 + 3.084 

22C 8.69 + 1.05b 20.61 + 2.48b 

  

Values are expressed as mean + SEM (n=7). 

*Effect of time to deproteinization, P=0.0001. 

TEffect of temperature, P=0.0008. 

+Effect of exercise, P=0.0001. 

Means with different superscripts within same column (rest or exercise) are different at P<0.01. 
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General Summary 

Increased metabolism during exercise is associated with increased 

concentrations of lactate ([Lac"]), hydrogen ions ([H*]), and COs. Sodium 

bicarbonate (NaHCQs3) prior to exercise and/or adaptation to a high fat diet 

may facilitate exercise by modifying the changes in intramuscular and 

extracellular [H+]. Erythrocytes can also affect acid-base homeostasis through 

their buffering capacity, and modification of plasma and intraerythrocyte [H*]. 

During exercise, blood [Lac] was higher when horses received 

NaHCO3 compared to water prior to exercise, and in fat adapted horses 

compared to horses fed a control diet. Blood [Lac-] was higher in fat adapted 

horses given NaHCQOs compared to other diet/treatment combinations. Effects 

of fat adaptation and metabolic alkalalosis on blood [Lac-] appears to be 

synergistic, affecting lactate by different mechanisms: (1) increased production; 

(2) increased efflux from tissues; and/or (3) decreased clearance from blood. 

Effects of fat adaptation and NaHCO3 supplementation on acid-base 

homeostasis were quantified during repeated sprint exercise in horses. 

Contributions of strong ions ({[SID]), PCO, and weak electrolytes ([Ato4]) to 

changes in plasma [H+] were examined at rest and during exercise. Plasma 

[SID] was higher during exercise when horses were given NaHCO3 compared 

to plain water due to an increase in plasma [Na*]. This increased plasma [SID] 

contributed to decreasing [H*] and increasing [HCO37] during exercise. In fat- 

adapted horses, plasma PCO» contributed less to the rise in plasma [H*] during 

exercise compared to horses fed the control diet. 
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Contributions of [SID], PCO, [Atot] to changes in erythrocyte [H*] during 

exercise were determined. Erythrocyte [Nat] decreased, and erythrocyte [K*] 

and [Lac] increased during exercise in horses, which caused erythrocyte [SID] 

to decrease. Erythroycte size decreased during exercise due to dehydration 

which resulted in increasing erythrocyte [Ato;]. Decreased [SID] and increased 

[Atot] within erythrocytes contributed to increasing [H*] within the cells, and 

may be responsible for free H* shift from plasma into erythrocytes. 

After intravenous administration of epinephrine in horses at rest to 

induce splenic contraction and increase circulating erythrocytes, hematocrit 

increased to 59%. Plasma [Lac] also increased 2-fold and Lac” moved into 

erythrocytes, increasing [Lac"] concentration within the cells. Movement of 

Lac” into erythrocytes reduces plasma lactate conetration, and facilitates the 

muscle-to-plasma Lac™ flux. 

Changes in measured laboratory values for plasma _ glucose 

concentration and blood [Lac-] due to anticoagulants and storage procedures, 

respectively, were examined in blood samples obtained from horses at rest and 

after exercise. When blood was preserved with fluoride/oxalate, measured 

values for plasma glucose concentration were 6 to 10% lower and erythrocyte 

volume in whole blood was 15% smaller compared to samples preserved with 

heparin. No differences were observe in measured blood lactate values [Lac] 

when samples were maintained at 0 C for 60 minutes until deproteinization 

compared to samples immedieately deproteinized. 

Fat adaptation and NaHCOz supplementation affected acid-base 

balance during exercise in horses. Contributions of [SID], PCO9, and [Ajo] to 

changes in plasma and intraerythrocyte [Ht] were quantitated utilizing a 
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comprehensive physicochemical approach to acid-base physiology. The role 

of erythrocytes in acid-base physiology could also be defined by quantitating 

changes in independent variables within erythrocytes and the effect each had 

on intraerythrocyte [H*]. 
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