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Abstract

Vengust, M. 2010Transvascular fluid dynamics in the pulmonary véaiue in
horses at rest and during exercidg@octoral dissertation. ISSN 1652-6880, ISBN
978-91-576-7468-5

Maximal exercise results in a marked increase indiaa output (Q) with
consequent adaptations in pulmonary macro- and owasculature. These
adaptations change pulmonary hemodynamics and aiserdluid and solute
movement between the pulmonary circulation and pldémonary interstitium
(across the lung). The purpose of this study waketermine pulmonary circulation
transvascular fluid fluxes in a quantitative mandaring exercise in horses. This
was determined during exercise at 80% ,¥{ on a high-speed treadmill until
fatigue without any medication, with acetazolamigez) treatment, and with
furosemide (Fur) treatment.

Acetazolamide, a carbonic anhydrase (CA) inhibitoas several effects on
pulmonary vasculature and erythrocytes, which arflte pulmonary circulation
transvascular fluid fluxes and electrolyte changesoss the lung. These
mechanisms are expressed through its ability taaedsascular smooth muscle
tone and contractility, and to attenuate hydratehydration of C@via the CA,
Jacobs-Stewart cycle and chloride shift (Hambusfét) inhibition.

Furosemide causes diuresis. The consequence ekilius a decrease in plasma
volume, right ventricular preload, and Q, whichulesin reduction in transmural
hydrostatic pressures in pulmonary vasculature. uR&mh of transmural
hydrostatic forces is the mechanism by which Fureleved to attenuate exercise
induced pulmonary hemorrhage. Furosemide has alsiilatory effect on the
pulmonary vasculature, and it may affect the cllershift across the erythrocyte
membrane.

Resting, exercise, and recovery arterial and mixatbus blood were sampled
from race fit standarbred horses. Blood (BV) andheocyte volume (EV) changes
across the lung were calculated from changes isn@aprotein, hemoglobin and
hematocrit. Cardiac output was calculated usind Eiguation. Fluid flux across
the lung was quantified based on changes in BV BN across the lung.
Integrative physicochemical systems approach wasl us describe acid base
changes across the lung.

The overall findings of these studies showed tparaeximately 12 L/min or 4 %
of Q moves from the pulmonary circulation into fndmonary interstitium during
exertion in horses. This volume, which left therpahary circulation, was derived
primarily from the reduction of erythrocytes’ volemacross the lung.
Acetazolamide attenuated transvascular fluid fluxeshe pulmonary circulation



through attenuation of the erythrocyte volume clesndt did not change Q.

Furosemide did not affect erythrocyte volume changed transvascular fluid

fluxes in the pulmonary circulation, but reducedG@rdiac output during exercise
is indicative of pulmonary capillary recruitmentdaor dilatation coupled with the

increase in the pulmonary surface area. From thatseof our studies we conclude
that pulmonary circulation transvascular fluid #sxare regulated by erythrocyte
volume regulation. Hydrostatic transmural gradierstisross the pulmonary

vasculature have a minor effect on pulmonary catioh transvascular fluid fluxes

during exercise in horses.

Keywords: pulmonary circulation, pulmonary hemodynamics, ewvatransport,
acetazolamide, furosemide, Chloride shift, Jacdbsw&t cycle, erythrocyte
volume regulation, exercise.

Author's address:Modest Vengust, SLU, Department of Clinical Science
P.O. Box 7054, 750 07 Uppsala, Swedemail: mvengust@gmail.com



To all that gave me a hand, a smile, a hope, advice...






Contents

List of Publications
Abbreviations

Introduction

Pulmonary circulation fluid dynamics adaptation to exercise
Starling’s hypothesis/principle
A quantitative approach to acid-base chemistry
Pharmacologic modulation of pulmonary transvascular
fluid fluxes

Acetazolamide

Furosemide
Problem identification

Paper |

Paper Il

Paper Il

Paper IV

Aims of the study

Materials and methods

Pre-Experimental Protocol

Experimental protocol

Acetazolamide treatment experiment (paper Il and I11)
Furosemide treatment experiment (paper V)
Pulmonary gas collection

Blood sampling and blood analysis

Calculations

Study design and statistical analysis

Results and discussion

Transvascular fluid flux from the pulmonary vasculature
at rest and during exercise in horses (paper I)

Effects of chronic acetazolamide administration on fluid flux
from the pulmonary vasculature at rest and during exercise

11

13

13
14
15

16
16
18
20
20
20
21
21

23

25

25
26
26
27
27
27
28
29

31

31



in horses paper II)

Effects of chronic acetazolamide administration on gas
exchange and acid-base control in pulmonary circulationi
in exercising horses (paper Il1)

Effect of furosemide on transvascular fluid fluxeesoss
the lung in exercising horses (paper V)

Methodological considerations (all papers)

Summary and conclusions
References

Acknowledgements

33

36

37
40

43

45

53



List of Publications

This thesis is based on the work contained in dleving papers, referred
to by Roman numerals in the text:

I Vengust M, Staempfli H, Viel L, Heigenhauser G.{gp
Transvascular fluid flux from the pulmonary vasdute at rest and
during exercise in horses. Physiol.570, 397-405.

Il Vengust M, Staempfli H, Viel L, Heigenhauser G.{@pEffects of
chronic acetazolamide administration on fluid ffusm the pulmonary
vasculature at rest and during exercise in hoEgsine Vet J Suppl.
36, 508-515.

Vengust M, Staempfli H, Nunez de Moraes A, Teixéiieto F, Viel L,
Heigenhauser G. (2010) Effects of chronic acetaminla
administration on gas exchange and acid-base damtpolmonary
circulation in exercising horses. Accepted for jediion inEquine.
Vet. J. Suppl.

IV Vengust M, Kerr C, Staempfli H, Pringle J, Heigenber G, Viel L.
(2010) Effect of furosemide on transvascular fliickes across the

lung in exercising horses. Accepted for publicaiioEquine. Vet. J.

All papers are reproduced with the permission efghblishers.



The contribution of Modest Vengust to the papeduigded in this thesis
was as follows:

I | declare that most of work for this paper was peried by me.
Il 1declare that most of work for this paper was @emnied by me.
Il 1declare that most of work for this paper was genied by me.

IV 1 declare that most of work for this paper was @emnied by me.

10



Abbreviations

Atot

BV
CA
COPD
EIPH

weak electrolyte concentrations

blood volume

carbonic anhydrase

chronic obstructive pulmonary disease
exercise induced pulmonary hemorrhage
erythrocyte volume

fraction of inspired oxygen in a gas mixture
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Introduction

Pulmonary circulation fluid dynamics adaptation to exercise

Maximal exercise results in marked increase in ieardoutput (Q)

(Bevegard et al. 1963). Depending on the rate ¥ of Q, pulmonary
macro- and microvascular pressures increase aoctyd{Wagner et al.

1986; Groves et al. 1987, Schaffartzik et al. 199&yman et al. 1993). In
concert with an increased macro- and microvasquiessures, blood flow
redistribution occurs across the lung through teilary recruitment and
consequent increase in the pulmonary surface dBalie(et al. 1968,
Hlastala et al. 1996). Changes in pulmonary hemaxhyos during exercise
increase fluid and solute movement across the Ek<eapillary barrier

(Dexter et al. 1951, Johnson et al. 1960). Suchptatians can be
associated with the development of clinically agparmpulmonary edema
(McKechnie et al. 1979) or the subclinical perivdac edema and/or
parenchymal interstitial edema that worsens thenpohry gas exchange
in dogs (Younes et al. 1987), small ruminants (Epat al. 1984), pigs
(Schaffartzik et al. 1993), humans (Schaffartzilkaket1992, McKenzie et
al. 2005) and horses (West et al. 1993).

Healthy animals and humans are capable of elinnigatixcessive lung
fluid during strenuous exercise even when the pobmp capillary
hydrostatic pressure exceeds the edemagenic thdegWWagner et al.
1986, Groves et al. 1987, Newman et al. 1988, Bopket al. 1992,
Newman et al. 1993, Manohar, 1993). Most of theeegive lung fluid is
eliminated via the pulmonary lymph system (Staualet967, Mitzner and
Sylvester 1986). During strenuous exercise the lymphatic flow rises
several-fold above the baseline (Coates et al. 1B@man et al. 1988
and 1993).
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During intense exercise horses develop substam@xemia (Wagner
et al. 1989; Dempsey and Wagner 1999), which iebed to be the major
mechanism for altered pulmonary fluid fluxes. Hypoxa results in
pulmonary vasoconstriction (hypoxic pulmonary vaswatriction, HPV) of
small pulmonary arteries, which increases pulmonamgrovascular
pressure and can, in turn, affect pulmonary capill@ater permeability
(Mairbaurl et al. 2002). Similar adaptations to ty@mia are observed in
high-altitude intolerance in humans and animals cfileet al. 1962,
Maggiorini et al. 2001, Swenson et al. 2002) atietochronic respiratory
diseases such as chronic obstructive pulmonary askse(COPD),
pulmonary fibrosis and obstructive sleep apnoeait&ieblum et al. 1981,
Weir and Olschewski 2006).

Hypoxemia stimulates a rise in the intracellular'Gancentration in
pulmonary vasculature smooth muscle cells, whickulte in their
consequent vasoconstriction (Jabr et al. 1997). okigp pulmonary
vasoconstriction can be induced with (Furchgott afaivadzki 1980,
Stenmark and Mecham 1997) or without intact endtimre(Murray et al.
1990) via various mechanisms, such as changes mbrma@e potential,
increase in free cytosolic gaincreases in Gasensitivity of contractile
apparatus, and myosin light chain phosphorylatidarder et al. 1985,
Madden et al. 1985, Mauban et al. 2005).

Starling’s hypothesis/principle

Study of water movement across the capillary walbased on Starling’s
hypothesis (Starling, 1896a), which states thatatarite between the
hydrostatic and oncotic pressures across capillals holds the blood
within a systemic circulating system of water-peable vessels. In
subsequent work by Landis (1927) Starling’'s hypsithevas summarized
with the following equation:

JJIA = Lp((Pc - R) - (. - m)), (1)

where J/A is relationship between the filtration or realmoon rate of
fluid per unit area of capillary wall, lis the hydraulic permeability of the
capillary wall, R is capillary pressure,; s hydrostatic pressure of the
interstitial fluid, n; is oncotic pressure of plasma amds oncotic pressure
of the interstitial fluid.

Later, the work of Pappenheimer and Soto-Rivera§lransformed
Starling’s hypothesis into Starling’s principle. &h estimated the
gquantitative relations between the arterial, venauogd capillary pressures
and demonstrated how these pressures could beagstinin isolated
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perfused hindlimbs of dogs and cats. Starling'sigple states that fluid
movements across microvascular walls are determinyedifferences in
hydrostatic and oncotic pressure.

Starling’s principle is used to explain fluid movem across the
systemic circulation. However, it is less succdfsfutilized to understand
fluid dynamics across the pulmonary circulatiora¢fg, 1896b; Michel,
1997; Effros and Parker, 2009).

A quantitative approach to acid-base chemistry

The application of a physicochemical approach ® rigulation of acid-
base status in intra- and extracellular spacefigdarihe link between fluid
and electrolytes in physiological aqueous solutig@tewart 1978, Stewart
1981, Stewart, 1983). It quantifies the relativentdbutions of three
independent variables: strong ion difference (Sligak electrolyte
concentrations (&), and PCQ to changes in dependent variables*][H
[HCO;]) in aqueous solutions. Changes in‘Jildan be achieved only by
changing one or more of these three independerablas. The system is
constrained by three fundamental physical laws:seoration of mass,
electro-neutrality and the equilibrium constraiotsdissociation reactions.
Strong ions are by definition electrolytes thatsdwh on their K,
completely dissociate in physiological aqueoustimhg. The net effect of
the presence of strong ions can be expressed nmstef the difference
between the total concentration of strong baseomatiand strong acid
anions. This is termed strong ion difference (SID):

[SID] = Z[strong cations] 2[strong anions] (2)

Weak electrolytes are only partially dissociatedHy®©. Ay is used to
express the total available anionic charge of teakielectrolytes, which
consist of associated (HA) and dissociateq {érms:

[Awl = [AT+ [HA] 3)

Carbon dioxide, a major end product of cell metesnolis moderately
soluble in HO. The amount of dissolved GOQ(dCQ,) is directly
proportional to its partial pressure (PgQan the gas phase and its
solubility coefficient (SCQ):

dCQ, = SCQ (PCQ) (4)
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Dissolved CQ reacts with HO to form carbonic acid (¢}€Os), which
further dissociates into 'Hand HCQ (hydration of CQ); HCO; then
further dissociates to form*tand CQ*:

H,0 + CQ «““~ H,CO; & H + HCOy « H'+ CQOZ. (5)

During exercise COmoves down its partial pressure gradient from a
working muscle into the circulation and is then oeed via the respiratory
system.

Pharmacologic modulation of pulmonary transvascular fluid
fluxes

Pulmonary fluid dynamics can be selectively altai@determine in detalil
the events specific for physiology of pulmonaryng@ascular fluid fluxes
or to determine the events associated with theop#tsiology of lung
diseases. For the purpose of this thesis pulmotramysvascular fluid
fluxes were studied after acetazolamide and furaseradministration.
Both drugs have very specific pharmacological #@dtiy and are used
extensively clinically and experimentally to caudenges in pulmonary
circulation that can alter transvascular fluid #gx

Acetazolamide

Acetazolamide  (N-(5Sulfamoyl-1,3,4-thiadiazol-2yl)acetamide), a
carbonic anhydrase inhibitor, has several clinieald investigational
applications (Pocker and Watamori 1973). It hamb@eviously used in
horses experimentally to evaluate the effect ofd@sis on exercise
responses (Rose et al. 1990, Hodgson et al. 19@Btazolamide also
reduces HPV and effects pulmonary vascular regsistgPVR) (Lloyd
1966; Rudolph and Yuan 1966, Morray et al. 1988).

Carbonic anhydrase catalyzes the reversible readiwolving the
hydration/dehydration of CMaren 1967) as shown by:

CO, + H,0 « - H,CO;  H' + HCO; (6)

Carbonic anhydrase (CA) catalyzes the hydratidi/detion of CQ
and enhances the Jacobs Stewart cycle and chiexalenge several folds
(Maren 1967, Kifor et al. 1993). Jacobs-Stewartieydacobs and Stewart
1942) enables optimal G@limination across the lung by transformation
of intravascular HC® to molecular CQ Bicarbonate is transported into
erythrocytes in exchange for ‘Gby band 3-mediated anion exchange
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(Bretcher 1971). Hydrogen ion combines with intydlerocytic HCQ' to
generate molecular GOwhich diffuses across the erythrocyte membrane
and capillary endothelium into the alveolar spadac¢bs and Stewart
1942; Maren 1967).

Carbonic anhydrase is metabolically closely intdwid with the activity
of anion exchanger (AE1) forming a capnometaboldifio( et al. 1993).
Therefore, inhibition of CA reduces the hydrati@figdration reaction of
CO, (Swenson and Maren, 1978) and decreases AE1l tdnaptivity
(Sterling et al. 2001). Impaired G@ehydration reaction and attenuation
of CI' movement across the erythrocyte membrane may eeduc
transvascular fluid fluxes across the lung.

In horses (Rose et al. 1990, Hodgson et al. 1994 hAumans
(Kowalchuk et al. 1992, Kowalchuk et al. 1994), @#ibition impairs
CO, transport and its elimination in lungs. Moreovathronic CA
inhibitors cause a state of systemic acidosis bgkdhg renal reabsorption
of bicarbonate (metabolic acidosis) and tissue, @fention (respiratory
acidosis) (Swenson 1998, Swenson 2000). An inadeqoa absent
hydration/dehydration reaction increases the rdteise of RCO, and
reduces rate of rise of VGQ@uring exercise (Swenson and Maren, 1978;
Roseet al. 1990, Hodgsomt al. 1991, Kowalchulet al 1992, Kowalchuk
et al 1994).

Independent of CA inhibition (Shimoda et al. 200&yz also reduces
HPV (Deem et al. 2000, Hohne et al. 2004). Deeml.ef2000) observed
that Acz reduces HPV by 50% and reduced the ratdsefby 40% in
isolated blood perfused rabbit lung. More recemiighne et al. (2004)
reported a complete inhibition of HPV in dogs exgmdo FiQ of 0.10
after treatment with Acz. Acetazolamide preventsise in [Ca&'] in
response to hypoxia in pulmonary artery smooth teusells (Hohne et al.
2007).

Acetazolamide, through CA inhibition, results inneeis and arterial
hypercapnia. Reports on the effects of hypercamd acidosis on
pulmonary vasoconstriction are contradictive. Gardet al. (1999)
reported that hypercapnic acidosis in intact newlmglets has no effect
on hypoxic pulmonary artery pressure (PPA) undenteacconditions,
whereas 60-80 min of sustained acidosis resulteal nmarked increase in
both baseline and hypoxic pulmonary vascular rasct (PVR).
Extracellular acidosis has been shown to incred4e i isolated dogs’
pulmonary lobes (Lloyd 1966), and in both, calvBsidolph and Yuan
1966) and children (Morray et al. 1988), with comited heart disease and
associated pulmonary hypertension.
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The slowing of the rate of Gydration/dehydration by Acz (Swenson
and Maren, 1978) also results in increase in iethaar CGQ and
intracellular [H]. Raffestin and McMurtry (1987) reported that iease in
pulmonary smooth muscle intracellularJHilso decreases PVR in isolated
rats’ lungs. However, Shimoda et al. (2007) rembrtieat the effect of
increased intracellular [l on PVR is independent of mechanisms that
involve pulmonary smooth muscle cell intracellulacidification or a
change in its membrane potential.

Acetazolamide activity through CA inhibition, HP\eduction and
influence on PVR can influence pulmonary circulationacro- and
microvascular pressures. The purpose of this stwdg to ascertain
whether indeed a reduction in pulmonary vasculagsgures could
influence pulmonary circulation transvascular flélikes.

Furosemide

Furosemide (Fur) (4-chloro-N-[2-furylmethyl]-5-sathoylanthranilic acid)
is a rapidly acting loop diuretic, which is usedemsively to modulate
fluid balance throughout the body (Kirkendall anei® 1968, Kim et al.
1971). Loop diuretics are actively secreted in® pnoximal renal tubules
and inhibit the active re-absorption of electratyia the thick ascending
limb of the loop of Henle (Odlind 1979). These dswart on the luminal
surface of the epithelial cells to inhibit N&”, and Cl transport, which
leads to a reduced renal interstitial hypertonjcibe reduction of water
absorption, and diuresis (Greger and Wangemann)1987

Furosemide is widely prescribed for management ra€ehorses
experiencing exercise induced pulmonary hemorrh@g@®H) (Arthur
1991). It is usually administered at least 4 h beface-time, and the dose,
depending on the administrative racing jurisdictien limited to 250 or
500 mg without adjustment for body weight (Arth@91). Hinchcliff et al.
(2009) reported that Fur at a dose of 500 mg dserkéhe incidence and
the severity of EIPH in Thoroughbreds racers. Tifeceof Fur on EIPH is
dependent on the dose and the time of administrdtejore the exertion
(Lester et al. 1999). Premedication with furosemitiey help decrease or
prevent from occurrence of EIPH through 1) the @ftd diuresis on blood
and plasma volume (Hinchcliff et al. 1991, Hoppeale 1991, Hinchcliff
and McKeever 1998), 2) Fur direct effect on thenprary vasculature
(Lundergan et al. 1988, Greenberg et al. 1994, lwtiii€ and McKeever
1998), and 3) furosemide-induced bronchodilata{iOisen et al. 1992a,
Rubie et al. 1993, Almirall et al. 1997). Additidiya Fur can also
influence erythrocytes’ fluid release across thegluThus the various
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beneficial effects of Fur on EIPH, as discussedhfur in detail, may
influence pulmonary circulation transvascular fltlikes.

The diuretic effect of Fur causes a reductionlgot and plasma volume
in horses (Hopper et al. 1991, Hinchcliff et al.919 1996), which
decreases the right atrial pressure and pulmonaeyia pressure during
exertion (Manohar et al. 1994, Parker et al. 199H)ese physical
alterations translate into reduction in pulmonamyery pressure and
diminished transmural hydrostatic pressures in pubmny capillaries
(Manohar 1993, 1994, Manohar et al. 1994, Hinchelifal. 1996). Thus,
the reduction in transmural pulmonary capillary gsuge (intra-capillary
pressure minus the perivascular (alveolar) pre}ssiteelieved to attenuate
stress failure of pulmonary capillaries and therebguces the incidence
and severity of EIPH (Manohar 1993, 1994, Manohaal.e1994, West et
al. 1993, Manohar and Goetz 1996). Reduction instraural (hydrostatic)
pulmonary capillary pressure can also affect pulangncirculation
transvascular fluid fluxes based on the Starlifygothesis.

Direct pulmonary vasodilatation and improved puhay compliance
effects of Fur (and other diuretic drugs) is prdpabelated to 1)
prostaglandin release and the initial pressor asti@ activation of the
renin-angiotensin system (Silke 1993, Lundergaal.e1988) and 2) to an
effect on N&K'/CI" co-transport or chloride-mediated refilling of
intracellular calcium stores (Greenberg et al. 1994 should be
emphasized that hemodynamic properties of Fur anefirial at rest and
in patients with mild physical impairments due tntricular dysfunction.
The actions during exercise, however, are moresdtaaind less beneficial
(Silke 1993). Nevertheless, it is prudent to eviduthe option that
pulmonary vasodilatation and improved pulmonary plimmce caused by
treatment with Fur may cause changes in pulmonairgulation
transvascular fluid fluxes in horses during submmeatiexercise.

Furosemide has a weak bronchodilator effect whialéd in asthmatic
humans (Bianco et al. 1988) or given intravenotsiorses with (Rubie
et al. 1993) or without the pulmonary obstructivieedse (Olsen et al.
1992a). The bronchodilatory effect of furosemidemsdiated through
prostanoid production (Olsen et al. 1992b, Rubial.€1993, Almirall et al.
1997). Bronchodilation reduces the effect of exarcinduced alveolar
hypoxia and consequent pulmonary vasoconstrictioanmall pulmonary
arteries, which increase pulmonary microvasculasgure (Mairbaurl et
al. 2002). Increased pulmonary microvascular presseduces transmural
hydrostatic forces, which are traditionally belidvi® be the regulator of
pulmonary fluid dynamics.

The nonselective inhibition of N&K*/2CI by Fur was also observed in
erythrocytes; however, inhibition of N&*/2CI cotransport does not
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influence erythrocyte volume regulation (Kracke abBdnham 1987).
Furosemide can, however, affect the erythrocyted flwolume by
attenuating the chloride shift (Hamburger shiftyoss the erythrocyte
membrane (Bretcher 1971, Lambert and Lowe 1980zdbiairn et al.
2001). Erythrocyte volume regulation greatly cdmites to pulmonary
circulation transvascular fluid dynamics; therefdrer attenuation of the
chloride shift may have significant effect in valseuluid fluxes across the
lung.

Problem identification

Paper |

At the outset of this thesis work fluid movementass the pulmonary
circulation at rest and during exercise had nonlpeantified. Lymph flow
studies had provided some evidence on pulmonanculaition
transvascular fluid fluxes. Even though the pulnmgramph flow is mixed
with lymph flow from nonpulmonary tissues (Demliagd Gunter 1982;
Drake et al. 1986) and the conducting airways (Wagner et 8BP8),
increased exchange of fluid across pulmonary capg correlates with
increased lymph flow from lungs (Coates et al. 1984

Fluid movement across the pulmonary circulationnoarbe quantified
using the Starling’s equation. This is becauseevErl factors, including
inability to define forces governing these evemisling compartments,
lung compartments are not fully recognized/deteettiand water transport
across the membrane is also regulated independehtyplute transport
(aquaporins) (King et al. 2004). In addition, puhlmoy circulation is
protected from fluid leakage/ edema formation byesal mechanisms,
which are properties solely found in the pulmonagculature and lacking
in systemic vessels (Effros and Parker 2009). Basedhat, a simple
Starling model cannot be readily applied to studyimnary circulation
transvascular fluid fluxes (King et al. 2004, Efrand Parker 2009).
Therefore, we conducted a study where fluid movdraeross the across
the lung was quantitatively assessed by comparomlood volume
differences between mixed venous blood and artdliabd (across the
lung) in horses at rest and during exercise.

Paper Il

Hypoxemia indirectly contributes to fluid accumidat in the pulmonary
interstitium (Mairbaurl et al. 2002), which is madten seen in HPV of the
acute high-altitude intolerance in humans (Maggiogt al. 2001, Swenson
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et al. 2002). Hypoxic pulmonary vasoconstrictiom de&e managed with
carbonic anhydrase inhibitors, such as Acz. Acdsauziole exerts its
therapeutic effects through reduction or preventafnvasoconstrictory
effects of hypoxemia on pulmonary microvasculat¢&echoene et al.
2001). It will also cause CQretention and acidosis. It has been
documented that hypercapnia cpar seimpair gas exchange with its
influence on pulmonary arterial pressure (Brimiewdt al. 1991). Together
with increased [H it has a prominent role in generalized edema &iom

in human COPD patients (Karadag et al. 2004); heweN should not
result in accumulation of fluid in lungs (Haberkenmd Bland 1981).

The ability of Acz to reduce or prevent vasocowcstry effects of
hypoxemia on pulmonary microvasculature is alreggbablished (Schoene
et al. 2001). However, CQetention and acidosis influence on lung fluid
balance in horses (and other mammals) at rest aridgdexertion (under
hypoxemic conditions) is not known. Thus, the reseglan to study this
was undertaken in paper .

Paper I

Effects of CQ retention and acidosis on acid base and electrdlgtance
across the lung in pulmonary circulation in horsesther animals or a
human at rest and during exertion have also notbgen described. A
gquantitative approach to acid-base chemistry wasl ue determine the
electrolyte changes across the lung. Another abgctvas to link

pulmonary gas exchange and electrolyte changesltoopary circulation

transvascular fluid fluxes.

Using the integrated physicochemical systems apghproi is possible
within each fluid compartment to describe the iaeflae of three
independent variables, strong ion difference (SIB;Q and total
concentrations of weak acids and basgg)(8n [H] and [HCQ], which
are considered dependent variables (Stewart 1983)paper Il we
hypothesized that Hamburger (chloride) shift arel tacobs-Stewart cycle
play a critical role in acid base homeostasis actios lung.

Paper IV

Furosemide may attenuate EIPH through a reductiontransmural
hydrostatic pressures in pulmonary capillaries, clwhis attributed to
decrease in plasma volume and right ventriculaioptk as a result of
diuresis (Hinchcliff et al. 1991; Hinchcliff and Meever 1998), dilatory
effect of Fur on the pulmonary vasculature (Lundergt al. 1988, Olsen
et al. 1992a, Greenberg et al. 1994, Hinchcliff dMacKeever, 1998) and
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furosemide-induced bronchodilatation (Rubie et18193, Almirall et al.
1997).

In addition, Fur may affect the chloride shift ¢hlaurger shift) across
the erythrocyte membrane via the/BCO; exchanger (AE1l, Band 3)
(Bretcher 1971, Lambert and Lowe 1980), which ispart of the
erythrocyte volume regulation mechanisms (Guizowral. 2001). Thus,
the action of Fur to decrease transmural hydraspagssures in pulmonary
capillaries and attenuation of the chloride shifie aoth potential
mechanisms by which Fur may reduce or attenuaie fluxes across the
lung. Therefore, in conducting the experiments fosper IV, we
hypothesized that pre-exercise treatment with Fuill \attenuate
transpulmonary fluid fluxes in horses during ineesercise.
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Aims of the study

e To quantify transvascular fluid fluxes in the pulmaoy circulation
at rest and during exercise in horses,

e To quantifiably determine adaptation of transvaacfiuid fluxes
in the pulmonary circulation at rest and duringreis® in horses
after treatment with the carbonic anhydrase inbibi
acetazolamide,

e To determine blood gas and electrolyte adaptatarasa the lung
during exercise in horses after treatment withaamgamide,

« To determine the interrelation between acid bask edectrolyte
balance and pulmonary circulation transvasculad flluxes,

« To quantifiably determine adaptation of transvaactiuid fluxes
in the pulmonary circulation at rest and duringreis® in horses
after treatment with furosemide.
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Materials and methods

Six race fit Standardbred horses were used for stagly. Different horses
were recruited for each experiment with owner/gaiconsent. The study
protocols were approved by the Animal Care commitiecording to the
Guide to the Care and Use of Experimental Anim@en@dian Council on
Animal Care, Ottawa, Ontario). All horses were raéd to owners healthy
and resumed their normal training and racing aativi

All studies (paper | to IV) had similar experimahprotocols for exercise
regimens and sampling, apart from administratiodce (Paper I, Ill) or
furosemide (Paper IV).

Pre-Experimental Protocol

Horses were familiarized to the treadmill over aiquk of one week.
During the first three days horses were given reggeevalking exercise on
the treadmill for 20 min. daily (15 min. walk, 5 mislow pace) at 10%
treadmill inclination, followed by two days of lighexercise with the
respiratory mask. Before every treadmill exerciseshs were weighed,
fitted with a safety harness, hobbles, and heaet meeter (Equistat Model
HR-8 A, EQB Inc., Unionville, PA, USA).

On day six peak Duptake (VQpea) Was determined for each horse,
which comprised three treadmill exercise periodarmup, incremental
exercise, and recovery. During the warm-up perltoa horses walked on
horizontal treadmill with no incline for 5 min at®m/s and then trotted
for 5 min at 4-5 m/s. At the end of this 10 min marg-up period the
treadmill was inclined to 10% and the speed in@da®m 8 m/s. The
incremental exercise then consisted of a stepwisease of velocity of 1
m/s every 60 s. An open flow through system wagl dee collection of
pulmonary gases throughout the entire exerciseopobt Peak @ uptake
was determined as the point at which no furthereiase in V@ occurred,
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despite an increase in speed, or a level of exexlgere the horse could
no longer maintain pace with the treadmill speette€ days following the
determination of V@, the horses were hand walked for 15 min daily.
The experimental protocol was then conducted officiheh day.

Experimental protocol

Prior to experiment, the of the mid cervical regawer both jugular veins
was clipped, desensitized with lidocaine 2.5% arbgaine 2.5% cream
(lidocaine 2.5% and prilocaine 2.5%; AstraZenecarPlaceuticals LP,
Wilmington, DE, USA) and aseptically prepared. Poh@ry Swan-Ganz
catheter (Baxter Healthcare Corp., Irvine, CA, US4d a 150 cm long
central venous polyethylene blood catheter (#246¢t@ Dickinson,
Sparks, MD, USA) were placed aseptically via thi¢ d&ad right jugular
vein into the pulmonary artery for mixed centrahwas blood sampling
and core body temperature measurements. Corrdwteaplacement was
ascertained by observing characteristic pressureef@ans on an
oscilloscope (Criticare 1100, Criticare Systems,ldéaukesha, WI, USA).
A 20 Gauge catheter (Insyte-W, Infusion Therapyt&ws Inc., Sandy,
UT, USA) was inserted into the facial or transveegal artery. A 30-cm
long extension tubing with a three way stopcock veasmnected to
intravenous and arterial catheters. Catheters ateh&ion tubing were
sutured to the skin.

Horses stood still on the treadmill until their Heeate reached their
resting value and then were warmed-up as descrimedhe pre-
experimental protocol of the iR, determination. Following the warm-
up treadmill speed was set to the velocity andeslioplucing 80% of the
VOypeae HOrses were then exercised until fatigued. Durgmpvery horses
were walked on the treadmill at 1.7 m/sec for 16.mi

Acetazolamide treatment experiment (paper Il and 11I)

Horses were given Acz (Apo-acetazolamide, Apotex, [®ntario, Canada)
orally at a dose of 10 mg/kg of BW TID for threeydar were not treated
(control). Acetozolamide tablets were crushed anddwith a mixture of

molasses and corn oil, and administered orally weitifoomey syringe
(C.R. Bard Inc., Covington, GA, USA). Thirty minefore the treadmill

protocol horses were given 30 mg/kg of BW of Acxadi in 8 ml of tap

water/kg of BW via a nasogastric tube or were adsténed tap water only
(contral).
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Furosemide treatment experiment (paper V)

Horses were given 250 mg of furosemide i.v. or @lecintravenously four
hours prior to the treadmill protocol.

Pulmonary gas collection

Pulmonary gas exchange was measured at rest, cex@ngise, and during
the recovery period. Before exercise the respiyateaisk was fitted on the
horse’s nose. An open flow through system was ueectollection of
expired gases throughout the entire exercise pob{t¢agneret al. 1989).
The expired gas was drawn into the @alyzer (Ametek, Model S-3A/1,
Pittsburgh, PA, USA), which measured the conceiomadf inspired Q.
Inspired Q was recorded in 10-second periods throughout tperement.
For analysis the average of three measurementSihsecond period was
used, which coincided with blood sampling intervals

Blood sampling and blood analysis

Resting arterial and mixed venous blood samplese weollected
simultaneously under anaerobic conditions twica five-minute interval.
Further sampling was performed in 60 s intervalsinduthe exercise
period until fatigue. During the recovery periodngding was performed
immediately after the treadmill was stopped (0 nanyl then at one, two,
three, five, 10, and 15 minutes into the recoveeyiqu. Prior to each
sampling 10 mL of blood was withdrawn from cathetand discarded.
Blood samples were collected into lithium-hepamaiz syringes (S-
Monovette, Sarstedt AG and Co, Nimbrecht, Germastgjed on ice, and
analyzed in duplicate with the Stat Profile M Aredy (Nova Biomedical
Corporation, Waltham, MA, USA) immediately afteettreadmill protocol
ended. Stat Profile M Analyzer uses conductivityr fbematocrit,
conductivity/reflectance for haemoglobin and €aturation analysis, ion
selective electrodes for analysis of ‘N&*, CI', as well as for pH and
PCG; amperometry for POand La Blood G content was calculated from
the Q saturation and the Hb concentration using standquétions. Total
plasma protein was measured using a clinical refraeter (Attago 331,
Attago, Tokyo, Japan). The pH, PE®ICO; and PQ sample values were
corrected for the horses’ core body temperatured@@OM-2, Baxter
Healthcare Corp., Irvine, CA, USA).

For erythrocyte and whole blood electrolyte anadydalood samples
were repeatedly frozen (—&0) and thawed (room temperature) to induce
erythrocyte lyses.
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Calculations

Plasma volume changes across the IuABW,., were calculated from
changes in plasma protein [PP] at the same timat ram central venous
to arterial blood (across the lung) (Dill and Clb4i®74):

%APVy..= (([PR] - [PRJ) / [PR]) x 100, (7)

where [PF] is the plasma protein concentration in venous @] the
plasma protein concentration in arterial blood.abzount for changes in
plasma volume relative to hematocrit (Hct), theagopn 1 was adjusted for
changes in the Hct across the lungs.

YhePVva = (([PR] x (1-Het) — [PR] x (1-Het)) / [PR]) x 100 (8)

where %\,PV,., is the plasma volume change relative to Hct changes
from central venous (Hgtto arterial (Hcf) blood.

Changes in erythrocyte volumaHEV, ) across the lungs were calculated
from changes in hemoglobin [Hb] and hematocrit [Hetvenous ([Hb],
[Hct,]) and arterial blood ([Hf, [Hcty]) (Costill et al 1974):

YAEV,.= (([Hb] / [Hb]) X (Heta / Het)) — 1) x 100 (9)

For calculation of the blood volume (BV) theA®V, ,was adjusted for
Hct changes across the lung:

%AHEVy.a= (([HBY] / [HbZ) X (Heta/ Het) X Hek) — Het) x 100 (10)

Blood volume changes across the lung were then uredsfrom
AHctPVv—aandAHctEVv—a:
Y%ABV,..= (([PR] x (1-Hct) — [PR] x (1-Hcet)) / [PR]) x 100) + ((([HR]
/ [Hby]) x (Het, / Het,) x Hety) — Het) x 100 (1D
Cardiac output (L/min) was calculated based onHilek& principle using
VO, and blood @ content from central venous and arterial bloodlid-I

flux (Jv.a L/min) across the lung was then quantified basedQoand
%ABV:

Jva = (Q X YABV). (12)

Plasma [H] was calculated from the measured pH as the gntilo
Strong ion difference was calculated as the sustrohg cations minus
the sum of the strong anions:

[SID] = (INa'] + [K']) — ([CIT + [La]) (13)
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Plasma [Ay] was calculated using a conversion factor of Qrtfhol/L
of plasma protein (Staemp#i al. 1999).

Erythrocyte ion concentrations were calculated fawhole blood ()
and plasmapf ion concentration according to Buono and Yead&86)
and McKelvieet al. (1991).

Jion] = (wplion] — (u[ion] x (1 — Hct))) x Hct (14)

All venoarterial differences for plasma ions andtpins were corrected
for APV, , using the equation (McKenred al. 1997):

[lon]v.a = ([lon], / (1 + @PVy.A)) — [lon], (15)

A similar correction was made for erythrocyte i@mcentration using
AEVy A (McKennaet al 1997).

Study design and statistical analysis

A cross over design was used when comparisons wade between
control and treatment, with horses serving as twir control. The
furosemide study was done in a double-blinded €ashi

All data were normally distributed as verified whapiro-Wilks test.

Effects of treatment and exercise (time) as wetteatment and exercise
(time) interaction on variables were analyzed usirigyo-way repeated-
measures ANOVA. Treatment and exercise (time) wersidered as
repeated factors.

Pair-wise comparison with Bonferroni adjustment wasd only to
assess statistical significance of differences betwest and exercise
times and between parameters of different treatsranthe same specific
time point.

Overall effect of treatment with Acz or Fur wasidefl at rest, during
exercise (from first minute to fatigue) and recgvfrom first minute of
recovery till the end of recovery). Repeated-meastwo-way ANOVA
was used to compare overall effects between tredgme

A statistical significance level of P <0.05 wasdised data are
expressed as means +SE.

Statistical analysis was performed with SPSS sizgid 7.0 (SPSS Inc.,
Chicago, IL, USA).
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Results and discussion

Transvascular fluid flux from the pulmonary vasculature at rest
and during exercise in horses (paper I)

Transvascular fluxes in lungs of horses (hereadientified asly.») during
exercise reached approximately 4% of the Q or h@r (figure 1).

Figure 1. Fluid flux from the pulmonary vasculatui®.,) at rest, during exercise and
recovery. Values are means +SE (n=6). *, diffefeain rest (P < 0.05). Ftg, fatigue.
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In the present study it was established that evgilie volume decrease
(erythrocyte volume release) across the lung wasngortant contributor
to whole fluid flux from the pulmonary vasculatuffigure 2). This was
surprising, because this study’s hypothesis waivetbfrom the ability of
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horses to develop and sustain high pulmonary maamd- microvascular
pressures during exercise (Slonim et al. 1954;n8likind Milnor, 1971;
Wagner et al. 1986; Younes et al. 1987; Newman.et®®3). Those are
derived from increases in PPA during exertion (Ean et al. 1992;
Manohar, 1993; Wagner et al. 1989, Wilkins et 80, which translates
into a relatively high pulmonary capillary pressggnha et al. 1996) and
consequent increase in the transvascular fluidafiin across the lung
(Sinha et al. 1996).

Figure 2. Fluid flux across the lung from erythrtey (&) at rest, during exercise and
recovery. Values are means +SE (n=6). *, diffefeain rest (P < 0.05). Ftg, fatigue.
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In paper | our results were interpreted classi¢callyough changes in
pulmonary circulation transmural hydrostatic forc¥ge concluded that
the pulmonary circulation transvascular fluid flsxare caused by 1)
pulmonary capillary recruitment and/or dilatatiaupled with the increase
in the pulmonary surface area (Bake et al. 1968stdla et al. 1996), 2)
increased pulmonary microvascular pressures (Sathal. 1996) and 3)
changes in the pulmonary transcapillary gradieBiand and McMillan
1977), and, as determined in this study, erythecywolume
decreasel/erythrocyte fluid release. Pulmonary waswilar fluxes increase
as a function of the net transvascular driving gues. hydrostatic pressure
gradient minus protein osmotic pressure gradietarli8g 1896a,b, Bland
and McMillan 1977). Hydrostatic pressures are tradally accepted to be
the important determinant of pressure and fluidaayits in the pulmonary
circulation. However, the equilibrium between flu@hd solutes in
pulmonary vasculature during exercise became dltari¢h active fluid
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release from erythrocytes. The dilution of plasmatgin reduced plasma
colloid osmotic pressure gradient, which, assistdgth the increased
hydrostatic pressure, favored the fluid out of themonary vasculature
restoring the transvascular gradient to its equitd state. Therefore,
oncotic forces have an important function alongwhiydrostatic forces in
the extent of fluid movement from the pulmonary owdature during

exercise.

Effects of chronic acetazolamide administration on fluid flux
from the pulmonary vasculature at rest and during exercise in
horses (paper I1)

After quantification of pulmonary transvascularidldluxes in paper | the
objective was put forward to better define the pbiggic mechanisms
related toJy.a through evaluating its response to treatment vtz
(AczTr). Acetazolamide reduces or prevents vasdcoiwy effects of
hypoxemia on pulmonary microvasculature (Schoene aket 2001).
Hypoxemia is common in horses during sub- and malkiexercise. In
addition, chronic Acz administration causes CA lmidn, which in turn
induces hypercapnia. Hypercapnger se and in combination with
metabolic acidosis can express vasoconstrictomasodilatory effects on
pulmonary vasculature (Brimioulle et al. 1991), athetreby influence
pulmonary transvascular fluid fluxes. Disorders tthmay cause
hypercapnia are mostly associated with diseasdsngs, the airways, or
both. However, hypercapnia not only arises fromréspiratory system but
also from diseases affecting the neural, musculdrest-wall, and
circulatory components of the respiratory systenegdkdless of the
etiology, animals and humans still exercise, aérngities that cause a
variable degree of hypoxemia, under pathologic @ms that can
enhance or cause severe hypercapnia. Understamdine effect of
hypoxemia, hypercapnia and metabolic acidosis dmguary circulation
transvascular fluid fluxes is also important for rmgeverely ill patients
where lung water dynamics can be compromised evahd absence of
exercise.

At restJy., was not different between Con and AczTr. Howederjng
exercise,Jy. increased to a similar level that was reported apeap |.
Transvascular fluid fluxes were attenuated in AcZTardiac output was
not different between control and AczTr (figure 3).
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Figure 3. Fluid flux from the pulmonary vasculatui&.,) at rest, during exercise and
recovery in control (Con) and chronic acetazolami&atment (AczTr). Values are means
+SE (n=6). Ftg, fatigue.
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In our first publication we determined that eryitytes, through their
volume regulation, contribute significantly to punary circulation
transvascular fluid fluxes. In this study the ergtiyte fluid release across
the lung was diminished by chronic treatment wittz Afigure 4).

Figure 4. Erythrocyte volume changes across thg latnrest, during exercise and recovery
in control (Con) and chronic acetazolamide treatmg@ktzTr). All values are means + SE
(n=6). Ftg, fatigue.
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Because Q was not affected by Acz it is possibleawclude that the
effects of hypoxemia, hypercapnia and acidosis ttmgeon pulmonary
vasoconstriction during exercise did not have anificant effect on
pulmonary circulation pulmonary macro- and micraxdsr pressures,
which would consequently diminish pulmonary cirdida transvascular
fluid fluxes. However, chronic treatment with Aeffected erythrocyte
volume regulation/erythrocyte fluid release acro8®e Ilung. The
mechanism affecting the fluid release from erythtes during exercise
after AczTr cannot be determined from data gathearedhis study.
However, there are some mechanisms that, when ecigaitl with
hypoxemia, hypercapnia and acidosis, could potintiadisable
erythrocytes from reducing their volume acrossltimg, including:

1. Increased intracellular [{iin the erythrocytes would stimulated Wa"
pump on the erythrocyte plasma membrane, whichriborées to fluid
accumulation in erythrocytes and the erythrocytewe increase to the
extent that R/CI” co-transport, a part of the system that contribute
erythrocyte volume decrease (Honess et al. 1996akspet al. 1997,
Gibson et al. 2000), could not compensate for enphssage through
the lung capillary bed. ¥ClI co-transport should be
activated/stimulated and the Wd" pump disabled/depressed in blood
passing pulmonary capillaries (Honess et al. 1$@ake et al. 1997,
Gibson et al. 2000),

2. Erythrocyte volume regulation could have been affiédy prevention
of fluid release from the pulmonary circulation dntpulmonary
interstitial (due to possible direct effect of Asa pulmonary vascular
wall permeability) causing osmolality forces in gi@a unfavourable for
erythrocytes to complete their volume decreaselftelease, and

3. Slowing the rate of C@HCO;/H" interconversion increased the
fraction of total CQ in the erythrocyte preventing erythrocyte fluid
release, because of increased intracellular osityolal

Regardless of the cause or combination of causdsopary circulation
transvascular fluid fluxes commence simultaneowsglyr respiratory gas
exchange. They can be affected by factors thhtante or interfere with
respiratory gas exchange mechanisms. However, mamocirculation
transvascular fluid fluxes appear to be quite wbwy to changes in
pulmonary circulation pressures when fluid dynanacsoss the lung are
subject to an acute event such as exercise.
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Effects of chronic acetazolamide administration on gas
exchange and acid-base control in pulmonary circulation in
exercising horses (paper Ill)

In this study we evaluated 1) effects of O®tention and acidosis on acid
base and electrolyte balance across the lung anthe)interrelation
between acid base and electrolyte balance and palmocirculation
transvascular fluid fluxes. We hypothesized thamHarger shift and the
Jacobs-Stewart cycle play a critical role in aca@ksd homeostasis and
volume changes across the lung.

In this study we used the integrated physicochdnsigstems approach
to describe acid base changes across the lunglnmopary circulation in
exercising horses without (control) and with CAibition (with related
metabolic and respiratory acidosis). The physicotbal systems
approach was used to describe the influence oé tinsependent variables,
strong ion difference (SID), PG@nd total concentrations of weak acids
and bases (&) on [H] and [HCQ], within each fluid compartment
(Stewart 1983).

The full data arrangement in tables in this studyg wery extensive. For
a comprehensive review of results please referafgeplll. In summary
however, the following most significant conclusiara be made:

1. Chronic CA inhibition affected exercise time to idake: exercise
duration at 80% V@.aWas significantly shorter in AczTr (2.6 +0.2
min) compared to Con (4.7 £0.2 min, P < 0.0001),

2. Chronic CA inhibition greatly influenced the acicd® homeostasis
across the lung,

3. Acid base disturbance across the lung was relatgdtéention of CQ
and inhibition of Clflux across the erythrocyte membrane,

4. Volume regulation of erythrocytes and acid basengka across the
lung are linked to each other, and

5. At and Lahave no influence on acid base status acrossitige |

During exercise AczTr attenuated the hydration/deaiyon reaction
and slowed the equilibration between LQ@pecies in pulmonary
capillaries, which further on increasedCP, (Swenson 1998, Swenson
2000). The slowing of the CA reaction means thatildggation between
CO, species is not complete during the transit throtlgh pulmonary
capillary. The reflection of these activities is@linhibition of HCQ
transport. The decrease in the rate of HQf@hydration after treatment
with Acz increased the erythrocyte [Hg[Cand consequently reduced the
plasma [HCQ] (Swenson 1998, Swenson 2000).
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Erythrocyte volume decreased across the lung duexegrcise was
attenuated by AczTr. There are several active as3dipe mechanism that
regulate erythrocyte volume, which are manifest the erythrocyte
regulatory volume increase in peripheral tissued by the erythrocyte
regulatory volume decrease across the lung (Fievat. 1990, Gibson et
al. 1993, Gibson et al. 1995, Honess et al. 19p6ake et al. 1997; Juel et
al. 1999, Gibson et al. 2000). Based on our redudigpears that the major
reason for incomplete or absent volume decreasssathe lung in AczTr
is due to depressed erythrocyte TClefflux and slowed C@
dehydration/hydration reaction or Jacobs-Stewantecy

Plasma SIp. (plasma strong ion difference across the lung) &ad
positive value in Con and AczTr indicating a redorctin SID across the
lung. This was in greater part driven by an infafxCl" from erythrocytes
to initiate the Jacobs-Stewart cycle (Jacobs amiv&t 1942, Jennings
1989), which substantially decreases erythrocytéD][S.. Carbonic
anhydrase inhibition prevented efflux of @om erythrocytes, hence the
substantially decreased erythrocyte [SIR]in AczTr. With exception of
La’, other strong ions showed the tendency to courttetanges caused by
CO, retention and Clfflux attenuation.

At rest plasma [Hyv.4 was similar in Con and AczTr, indicating that
elimination of CQ was increased due to stimulated ventilation kazeti
(Swenson and Maren 1978, Ward et al. 1983, Kow#&lattual. 1994).
During exercise in Con, despite a concomitant p&aSiHD decrease across
the lung, plasma [Hv.» remained strongly positive (indicating a “JH
reduction in plasma across the lung). This wastdua substantial PGO
reduction and Clefflux (and SID increase) across the lung. Corelgrsn
AczTr plasma [H]v.a was affected by CQO species retention and
erythrocyte Clshift impairment and was lower than in Con.

CO, and CI changes in erythrocytes across the lung appebe tthe
major contributors to acid-base and ions balansewall as volume
changes across the lung, in exercising horsesirersd likely also in other
mammalian species. Therefore, the hypothesis thlatide shift and the
CO,/HCO*/H" interconversion are important for pulmonary ciatign
transvascular fluid fluxes was confirmed.

Effect of furosemide on transvascular fluid fluxes across the
lung in exercising horses (paper V)

Furosemide is prescribed for management of racebhoegperiencing
EIPH (Arthur 1991). The dose used in this study 288 mg administered
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4 hours before exercise, according to limits imploseCanada and some
US horse racing jurisdictions. Treatment with Ftiersuates the exercise-
induced rise in pulmonary capillary blood pressuwvlijch is believed to
decrease the occurrence of EIPH via the reductibrthe transmural
hydrostatic pressures in pulmonary capillaries (Mer 1993, 1994,
Manohar et al. 1994, Kindig et al. 2001).

In this study treatment with 250 mg of Fur (Furfoyr hours before the
onset of exercise had no effect &y and did not affect the duration of
exercise at 80% V& to fatigue (figure 5).

Figure 5. Fluid flux from/into the pulmonary vasature (J,.5) at rest, during exercise and
recovery. Values are means * SE (n=6). Ftg: fatigbBesitive values indicate decrease of
Jv.a across the lung. Negative value indicate incredsk.q across the lung.
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As well, treatment with Fur did not affect erythyte fluid release
(figure 6).

However, treatment with Fur reduced Q during exserccardiac output
increased from 20.26 L/min and 19.4+9 L/min at rest in control and
FurTr, respectively, to 299.916.6 L/min and 247.%13.9 L/min at the
first min of exercise in control and FurTr, resppesly (P < 0.0001). It
returned to resting values during recovery. Duergrcise Q was lower in
FurTr compare to Con (P = 0.01).
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Figure 6. Erythrocyte fluid fluxes g9 at rest, during exercise and recovery. Values are
means = SE (n=6). Ftg: fatigue. Positive valuesidate decrease ofzd across the lung.
Negative values indicate increase gf across the lung
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This study suggests that the focus with regardsvestigation into the
initiation and maintenance of pulmonary circulativansvascular fluxes
should in greater part shift from pulmonary cir¢ida pressures to
erythrocyte volume regulation. Most ion exchangecma@isms in
erythrocytes are part of the erythrocyte volumeulaiipn mechanisms
(Guizouarn et al 2001). N&*/CI co-transport, which carries the major
diuretic effect of Fur, does not poses significartiume regulation
properties, whereas chloride shift (Hamburger yhiftoss the erythrocyte
membrane (Bretcher 1971, Lambert and Lowe 1980ck&@and Dunham
1987) can contribute substantially to pulmonaryskeascular fluid fluxes.
Furosemide blocks anion exchange mechanisms (Ha@mbwhift) in
erythrocytes (Lambert and Lowe 1980); however, watevement across
the erythrocyte membrane in this study was sinmiaCon and FurTr.
Therefore, at a dose of 250mg Fur activity on thgtheocyte anion
exchange mechanisms also seems unlikely to be giifiseance in
exercising horses four hours after the intraveramministration.

Cardiac output indicates the changes in pulmonapjllary recruitment
and/or dilatation and the increase in the pulmorsmface area during
exercise (Bake et al. 1968, Hlastala et al. 19%&).osemide caused
decrease in Q, which indicates a decrease in puamorcapillary
recruitment, less explicit capillary recruitmentdasonsequent smaller
transmural hydrostatic pressures compare to ComveMer, this did not
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affect Jy.a. It is then unlikely that horses affected by ElRduld benefit
from treatment with 250mg of furosemide four hobefore exercise if
current etiology theory of the disease is relevhetause Starling forces
most probably retain their effect on pre- and pmstmonary capillary
vessels. Pulmonary capillaries are very resilierfeakage and changes in
transmural hydrostatic forces (Effros and ParkdlQ9. The filtration
coefficient of the pulmonary capillaries is smalthan that of the extra-
alveolar vessels (Schneeberger and Karnovsky 1Bfiéttacharya 1988,
Maggiorini et al. 2001). Therefore, the dynamicsvater movement in the
pulmonary circulation are complex events encompgssgjas exchange
mechanisms, erythrocyte volume regulation and athign Starling’'s
forces.

Methodological considerations (all papers)

In our studies we have measured total transvasélures from the
pulmonary circulation, which include fluid that d¢dbutes to increases in
lung lymph flow and total lung water. Lung lymphowt studies
implementing different experimental conditions sashexercise (Coates et
al. 1984, Newman et al. 1988), left atrial balladstruction (Parker et al.
1981), hypoxia (Dauber and Weil 1983), or 100%irthalation (Newman
et al. 1983) to induce pulmonary vascular pressin@nges or increase
lung vascular permeability, would require bettefirterl attention to the
uncertainty concerning the tissues drained byyh®hatics and the effect
of the lymph nodes themselves on lymph constituégdtsthe other hand,
gravimetric lung fluid dynamic studies only deteariations in the
presence of lung water and are unable to accountlferations when
changes are to be contributed to the vascularisiitial, and/or cellular
compartments in lungs (Lin et al. 1998). They alsmuire static
experimental conditions (Hanel et al. 2003). In tcast to detecting
changes in lung fluid dynamics by lung lymph flow pulmonary
gravimetric studies we were able to measure thal ttaid flux from
pulmonary circulation from changes in BV in vivo darin dynamic
experimental settings.

Plasma volume changes associated with exercise eadrelated using
plasma protein concentration as described by Dilll &ostill (1974)
(equation 7). Plasma volume changes were then lagdcurelative to Hct
changes in venous and the arterial blood (equajoto account for the
very unlikely event of: 1) relative plasma voluméranges (Hct
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decrease/erythrocyte removal) or 2) absolute plaswlame changes
(plasma leakage from the pulmonary circulation).

Hemoglobin is confined strictly to erythrocytes asbould not be
affected by physiologically derived stress or by simgathologically
derived alterations. Therefore, erythrocyte voluawoss the lung was
calculated based on changes in Hb (equation 9)ti(Ces al. 1974).
Equation 9 was also adjusted for possible Hct cesrgcross the lung
when used for blood volume calculations.

Methods for calculation of blood volume changesdusn this
experiment are precise (coefficient of variancenr@.7 to 2.4%) and are
able to measure small changes (Dill and Costill4]1%Jostill et al. 1974,
Harrison 1985). They provide accurate results #&gube exercising
subject, which would perhaps include other aninaad humans, without
need for chronic instrumentation, or, potentiadly patient's bedside, with
chronic instrumentation for continuous monitoring wWwlume changes
across the lung.

In conclusion, methods for calculation of blooduroke changes used in
these experiments are simple and have been validatel published
previously (Dill and Costill 1974, Costill et al974, Harrison 1985).
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Summary and conclusions

Regarding the pulmonary circulation transvasculadffluxes Qy.a):

1.

»w

During exertion in horses approximately 4% of iQoves from
pulmonary circulation into the pulmonary interstiti,

. Erythrocyte volume regulation/fluid release acrtises lung is the most

important contributor tdy.a,

Jv.A commence with respiratory gas exchange,

Jv.A appear to be largely insensible to changes in puiiry circulation
transmural hydrostatic pressures during exercise,

. CO; and Cl changes in erythrocytes across the lung appehe tthe

major contributors to acid-base and ions balanseyell as pulmonary
circulation transvascular fluid fluxes,

. Furosemide at the dose of 250 mg given four hoefsrb exercise does

not change erythrocyte volume regulation/fluid aske across the lung,
Furosemide at the dose of 250 mg given four hoefarb exercise does
not affectly., in pulmonary circulation despite the decreased Q,

. Erythrocyte volume regulation/fluid release acrtise lung is more

relevant toJy.n than pulmonary circulation transmural hydrostatic
forces.

The data in this thesis is a paradigm change inirtterpretation of
pulmonary circulation transvascular fluid fluxes agw from the
traditional interpretation, which is based on Smgfk principles, to
major influences of the erythrocyte volume decresgess the lung via
the Jacobs-Stewart cycle and chloride (anion) exgda(Band 3 or
AE1).

43



44



References

Almirall, J.J., Dolman, C.S. and Eidelman D.H. (1p8drosemide-induced bronchodilation
in the rat bronchus: evidence of a role for prdstadins.Lung 175, 155-163.

Arthur, R.M. (1991) Furosemide: practice and pdiitieroceedings of the American
Association Equine Practitioners 37, 173-188.

Bake, B., Bjure, J., Widimsky, J. (1968) The effecsitting and graded exercise on the
distribution of pulmonary blood flow in healthy gabts studied with the 133Xenon
techniqueScand. J. Clin. Lab. Inves22, 99-106.

Bevegard, S., Holmgren, A., Jonsson, B. (1963) Citotyastudies in well trained athletes
at rest and during heavy exercise. With speciaregfce to stroke volume and the
influence of body positiorActa. Physiol. Scand7, 26-50.

Bhattacharya, J. (1988) Hydraulic conductivity aiduwenules determined by splitdroplet
techniqueJ. Appl. Physial64, 2562—-2567.

Bianco, S., Vaghi, A., Robuschi M., Pasargiklian WB&8) Prevention of exercise-induced

bronchoconstriction by inhaled frusemidl@ancet2, 252—-255.

Bland, R.D., McMillan, D.D. (1977) Lung fluid dynansiin awake newborn lambs. Clin.
Invest.60, 1107-1115.

Bretcher, M.S. (1971) A major protein, which spams human erythrocyte membrade.
Mol. Biol. 59, 351-357.

Brimioulle, S., Vachiery, J.L., Lejeune, P., Leemih, Melot, C., Naeije, R. (1991) Acid-
base status affects gas exchange in canine oi€ipaktnonary edemam. J. Physiol.
260, H1080-1086.

Buono, M.J., Yeager, J.E. (1986) Intraerythrocyté plasma lactate concentrations during
exercise in humangur. J. Appl. Physiol55, 326-329.

Coates, G., O'Brodovich, H., Jefferies, A.L., GrajyG(1984) Effects of exercise on lung
lymph flow in sheep and goats during nhormoxia aypbixia.J. Clin. Invest74, 133-

141.

Costill, D.L., Branam, L., Eddy, D. Fink, W. (1974)térations in red cell volume
following exercise and dehydratioh. Appl. Physial37, 912-916.

Dauber, .M., Weil, J.V. (1983) Lung injury edenmadogs. Influence of sympathetic
ablation.J. Clin. Invest72, 1977-1986.

45



Deem, S., Hedges, R.G., Kerr, M.E., Swenson, E.RdqQRBcetazolamide reduces hypoxic
pulmonary vasoconstriction in isolated perfuseditiings.Respir. Physiol123, 109—
1109.

Demling, R.H. Gunther, R. (1982) Effect of diaphratjimiymphatic contamination on
caudal mediastinal node lymph flow in unanesthdtegeepLymphologyl5, 163-167

Dempsey, J.A., Wagner, P.D. (1999) Exercise-indwrégtial hypoxemial. Appl. Physial
87, 1997-2006.

Dexter, L., Whittenberger, J.L., Haynes, F.W., GaledW.T., Gorlin, R., Sawyer, C.G.
(1951) Effect of exercise on circulatory dynami€sormal individualsJ. Appl. Physial
3, 439-453.

Dill, D.B., Costill D.L. (1974) Calculation of perceage changes in volumes of blood,
plasma, and red cells in dehydratidnAppl. Physial37, 247-248.

Drake, R.E., Allen, S.J., Katz, J., Gabel, J.C., €aB.A. (1986) Sheep lung lymph
shunting.Lymphologyl9, 157-160.

Effros, R.M., Parker, J.C. (2009) Pulmonary vasché&terogeneity and the Starling
hypothesisMicrovasc. Res78, 71-77.

Elkins, R.C., Milnor, W.R. (1971) Pulmonary vasculesponse to exercise in the da@iyc.
Res 29, 591-599.

Erickson, B.K., Erickson, H.H., Coffman J.R. (1992)rRenary artery and aortic pressure
changes during high intensity treadmill exercis¢him horse: effect of frusemide and
phentolamineEquine. Vet. J24, 215-219.

Fievet, B., Caroff, J., Motais, R. (1990) Catecholangiease controlled by blood oxygen
tension during deep hypoxia in trout. Effect on béobd cell Na/H exchangeRespir.
Physiol.79, 81-90.

Furchgott, R.F., Zawadzki ,J.V. (1980) The obliggtaie of endothelial cells in the
relaxation of arterial smooth muscle by acetylam@INature288 , 687-692.

Gibson, J. S., Ellory, J. C., Culliford, S. J., Fiaoh D. A. (1993) Volume-sensitive KCI
co-transport and taurine fluxes in horse red bloelts. Exp. Physial 78, 685-695.

Gibson, J. S., Godart, H., Ellory, J. C., StainesHdéness, N. A., Cossins, A. R. (1995)
Modulation of K'-CI" cotransport in equine red blood cefip. Physial 79, 997—1009.

Gibson, J.S., Cossins, A.R., Ellory, J.C. (2000) Orygensitive transporters in vertebrate
red cellsJ. Exp. Biol.203, 1395-1407.

Gordon, J.B., Rehorst-Paea, L.A., Hoffman, G.M., Ne&lD. (1999) Pulmonary vascular
responses during acute and sustained respiratalpsais or acidosis in intact newborn
piglets.Pediatr. Res46, 735-741.

Groves, B.M., Reeves, J.T., Sutton, J.R., Wagner, Eymerman, A., Malconian, M.K.,
Rock, P.B., Young, P.M., Houston, C.S. (1987) Openafwerest Il: elevated high-
altitude pulmonary resistance unresponsive to axy@eAppl. Physial63, 521-530.

Greger, R., Wangemann, P. (1987) Loop diureReal. Physiologyl0, 174-183.

Greenberg, S., McGowan, C., Xie, J., Summer W.R.41S@lective pulmonary and
venous smooth muscle relaxation by furosemidenapesison with morphinel.
Pharmacol. Exp. The270, 1077-1085.

46



Guizouarn, H., Gabillat, N., Motais, R., Borgese(Z001) Multiple transport functions of a
red blood cell anion exchanger, tAEL: its role éll golume regulation]. Physiol 535,
497-506.

Haberkern, C.M., Bland, R.D. (1981) Effect of hypertapmn net filtration of fluid in the
lungs of awake newborn lamhkk.Appl. Physial51, 423-427.

Hanel B., Law I., Mortensen J. (2003) Maximal rowhmgs an acute effect on the blood-gas
barrier in elite athleted. Appl. Physial95, 1076-1082.

Harder, D.R., Madden, J.A., Dawson, C. (1985) Hypaxituction of Ca'-dependent
action potentials in small pulmonary arteries &f tiat.J. Appl. Physial59, 1389-1393.

Harrison, M.H. (1985) Effects of thermal stresshbmod volume in human®&hysiol. Rev
65, 149-209.

Hecht, H.H., Kuida, H., Lange, R.L., Horne, J.L., Brp A.M. (1962) Brisket disease: Ill.
Clinical features and hemodynamic observationstitudke-dependent right heart failure
of cattle.Am. J. Med32, 171-183.

Hinchcliff, K.W., McKeever, K.H., Muir Ill, W.W. (891) Furosemide induced changes in
plasma and blood volume of horsésVet. Pharmacol. Thed4, 411-417.

Hinchcliff, K. W., Hubbell, J. A. E., Grosenbougdb,, Mitten, L. A., Beard, W. L. (1996)
Hemodynamic effects of furosemide are dependemtiunesis. Am. Assoc. Equine Pract
42, 229-230.

Hinchcliff, K.W., McKeever, K.H. (1998) Fluid admistration attenuates the
haemodynamic effect of frusemide in running horgegline. Vet. J30, 246-250.

Hinchcliff, K.W., Morley, P.S., Guthrie, A.J. (20p&fficacy of furosemide for prevention
of exercise-induced pulmonary haemorrhage in Thgiibted racehorsed. Am. Vet.
Med. Assoc.235, 76-82.

Hlastala, M.P., Bernard, S.L., Erickson, H.H., FeddeR., Gaughan, E.M., McMurphy R.,
Emery, M.J., Polissar, N., Glenny, R.W. (1996). Rutary blood flow distribution in
standing horses is not dominated by gravityAppl. Physial81, 1051-1061.

Hodgson, D.R., Rose, R.J., McCutcheon, L.J., Kelso, Ba&yly, W.M., Gollnick, P.D.
(1991) Effects of acetazolamide on cardiorespiyadmd metabolic responses to
submaximal exercis&quine Exercise Physiolo@y 343-352.

Hohne, C., Krebs, M.O., Seiferheld, M., Boemke, WacKmarczyk, G., Swenson, E.R.
(2004) Acetazolamide prevents hypoxic pulmonaryeasstriction in conscious dogs.
J. Appl. Physial97, 515-521.

Hohne, C., Pickerodt, P.A., Francis, R.C., Boemke,SMenson E.R. (2007) Pulmonary
vasodilation by acetazolamide during hypoxia iselated to carbonic anhydrase
inhibition. Am. J. Physiol. Lung. Cell. Mol. Physi@92, L178-184.

Honess, N. A., Gibson, J. S., Cossins, A. R. (199@) dffects of oxygenation upon the ClI
dependent K flux pathway in equine red cefiugers Arch 432, 270-277.

Hopper, M. K., Pieschl, R. L., Pelletier, N. G.,&kson, H. H. (1991) Cardiopulmonary
effects of acute blood volume alteration prior xereise Equine Exer. PhysioB, 9-16,

Jabr, R.l., Toland, H., Gelband, C.H., Wang, X.X.nity J.R. (1997) Prominent role of
intracellular Ca2+ release in hypoxic vasoconsbittf canine pulmonary arterfgr. J.
Pharmacol.122, 21-30.

47



Jacobs, M. H., Stewart, D. R. (1942) The role oboaic anhydrase in certain ionic
exchanges involving the erythrocyfle.Gen. Physiol25, 539-552.

Jennings, M. L. (1989) Structure and function &f tad blood cell anion transport protein.
Annu. Rev. Biophys. Biophys. Cher@, 397-430.

Johnson, R.L. Jr, Spicer, W.S., Bishop, J.M., Fo&dE, (1960) Pulmonary capillary blood
volume, flow and diffusing capacity during exercideAppl. Physial15, 893-902.

Juel, C., Hellsten, Y., Saltin, B., Bangsbho, J. (96tassium fluxes in contracting human
skeletal muscle and red blood cefsn. J. Physiol276: R184-188.

Karadag, F., Polatli, M., Ozcan, H., Cildag, O. (2DRole of arterial blood gas
abnormalities in oedema formation in CORR&spirologyd, 481-484.

Kifor, G., Toon, M.R., Janoshazi, A., Solomon, A(K993) Interaction between red cell
membrane band-3 and cytoso-localization of pulmpparbonic anhydrase in the cét.
Memb. Biol.134, 169 - 179.

Kim, K.E., Onesti, G., Moyer, J.H., Swartz, C. (19Ethacrynic acid and furosemide:
Diuretic and hemodynamic effects and clinical uges. J. Card27, 407—-415.

Kindig, C.A., McDonough, P., Fenton, G., Poole, DErickson, H.H. (2001) Efficacy of
nasal strip and furosemide in mitigating EIPH irofidughbred horsed. Appl. Physial
91, 1396-1400.

King, L.S., Kozono, D., Agre, P. (2004). From sture to disease: the evolving tale of
aquaporin biologylNat. Rev. Mol. Cell. Biol5, 687-698.

Kirkendall, W.M., Stein, J.H. (1968) Clinical pharoadogy of furosemide and ethacrynic
acid.Am. J. Card 22, 162-167.

Kowalchuk, J.M., Heigenhauser, G.J., Sutton, Jéhes, N.L. (1992) Effect of
acetazolamide on gas exchange and acid-base cafteomaximal exercisd. Appl.
Physiol 72, 278-287.

Kowalchuk, J.M., Heigenhauser, G.J., Sutton, Jéhes, N.L. (1994) Effect of chronic
acetazolamide administration on gas exchange ddebase control after maximal
exerciseJ. Appl. Physial76, 1211-1219.

Kracke, G.R., Dunham, P.B. (1987) Effect of membnaotential on furosemide-inhibitable
sodium influxes in human red blood cellsMembr. Biol 98, 117-124.

Landis, E. M. (1927) Micro-injection studies of digyy permeability Il. The relation
between capillary pressure and the rate at whigt flasses through the walls of single
capillaries. Am. J. Physiol82, 217-238.

Lambert, A., Lowe, A.G. (1980) Chloride-bicarbonatehange in human red cells
measured using a stopped flow apparatuBhysiol 306, 431-43.

Lester, G., Clark, C., Rice, B., Steible-Hartless, @trd-Widenhouse, T. (1999) Effect of
timing and route of administration of furosemidemimonary hemorrhage and
pulmonary arterial pressure in exercising thorougtilvacehorseg\m. J. Vet. Re$0,
22-28.

Lin, W., Jacobs, E., Schapira, R.M., Presberg,Efros, R.M. (1998) Stop-flow studies of
distribution of filtration in rat lungsl. Appl. Physial84, 47-52.

Lloyd, T.C. Jr. (1966) Influence of blood pH on hymopulmonary vasoconstrictiod.

Appl. Physiol21, 358-364

48



Lundergan, C.F., Fitzpatrick, T.M., Rose, J.C., RamvielV., Kot, P.A. (1988) Effect of
cyclooxygenase inhibition on the pulmonary vasddilaesponse to furosemide.
Pharmacol. Exp. Ther246, 102-106.

Madden, J.A., Dawson, C.A., Harder, D.R. (1985) Hypaorduced activation in small
isolated pulmonary arteries from the chtAppl. Physial59, 113-119.

Maggiorini, M., Melot, C., Pierre, S., Pfeiffer, i5reve, I., Sartori, C., Lepori, M., Hauser,
M., Scherrer, U., Naeije, R. (2001) High-altituddrpanary edema is initially caused by
an increase in capillary pressu@rculation 103, 2078-2083.

Mairbaurl, H., Mayer, K., Kim, K.J., Borok, Z., BfscR., Crandall E.D. (2002) Hypoxia
decreases active Na transport across primaryvesdlalr epithelial cell monolayerAm.

J. Physiol. Lung. Cell. Mol. Physi&82, L659-L665.

Manohar, M. (1993) Pulmonary artery wedge pressum@ases with high-intensity exercise
in horsesAm. J. Vet. Re$4, 142-146.

Manohar, M. (1994) Pulmonary vascular pressuresrefuously exercising Thoroughbreds
after administration of flunixin meglumine and feemide Am. J. Vet. Re$5, 1308—
1312.

Manohar, M., Hutchens, E., Coney, E. (1994) Furoderattenuates the exercise-induced
rise in pulmonary capillary blood pressure in hergguine Vet. J26, 51-54.

Manohar, M., Goetz, T.E. (1996) Pulmonary vascplassures of exercising Thoroughbred
horses with and without endoscopic evidence of EIRHAppl. Physial81, 1589-1593.

Maren, T. H. (1967) Carbonic anhydrase: chemistnysywlogy, and inhibitionPhysiol.
Rev.47, 595-781.

Mauban, J.R., Remillard, C.V., Yuan, J.X. (2005) Hyipgulmonary vasoconstriction:
role of ion channelsl. Appl. Physial98, 415-420.

McKechnie, J.K., Leary, W.P., Noakes, T.D., Kallreeyd.C., MacSearraigh, E.T., Olivier,
L.R. (1979) Acute pulmonary oedema in two athlet@sngd) a 90-km running racé.

Afr. Med. J 56, 261-265.

McKelvie, R. S., Lindinger, M. L., Heigenhauser,JGF., Jones, N. L. (1991) Contribution
of erythrocytes to the control of the electrolyteoges of exercis€an. J. Physiol.
Pharmacol.69, 984-993.

McKenna, M.J., Heigenhauser, G.J., McKelvie, R.SacBlougall, J.D., Jones, N.L. (1997)
Sprint training enhances ionic regulation duringirse exercise in med, Physiol 501,
687-702.

McKenzie, D.C., O'Hare, T.J., Mayo, J. (2005) THeafof sustained heavy exercise on the
development of pulmonary edema in trained maleistgcRespir. Physiol. Neurobiol
145, 209-218.

Michel, C.C. (1997) Starling: the formulation of mgpothesis of microvascular fluid
exchange and its significance after 100 yeaxg. Physial 82, 1-30.

Mitzner, W., Sylvester, J.T. (1986) Lymph flow alhg weight in isolated sheep lungs.
Appl. Physiol61, 1830-1835.

Morray, J.P., Lynn, A.M., Mansfield, P.B. (1988) &t of pH and PC&on pulmonary and
systemic hemodynamics after surgery in childret wiingenital heart disease and
pulmonary hypertensiod. Pediatr.113, 474-479.

49



Murray, T.R., Chen, L., Marshall, B.E., Macarak, E1R90) Hypoxic contraction of
cultured pulmonary vascular smooth muscle cdlta. J. Respir. Cell. Mol. BioB, 457—
465.

Newman, J.H., Loyd, J.E., English, D.K., Ogletrkl.., Fulkerson W.J., Brigham, K.L.
(1983) Effects of 100% oxygen on lung vascular fiomcin awake sheeg. Appl.
Physiol.54, 1379-1386.

Newman, J.H., Butka, B.J., Parker, R.E., Roselli, RI88) Effect of progressive exercise
on lung fluid balance in sheep. Appl. Physial64, 2125-2131.

Newman, J.H., Cochran, C.P., Roselli, R.J., Parker, Kikg, L.S. (1993) Pressure and
flow changes in the pulmonary circulation in exsirg sheep: evidence for elevated
microvascular pressure. Am. Rev. Respir. Dis. 147;926.

Odlind, B. (1979) Relation between renal tubularisreand effects of five loop diuretics.
Pharmacol. Exp. The211, 238-244.

Olsen, S.C., Coyne, C.P., Lowe, B.S., Pelletier, N. bREUM., Erickson, H.H. (1992)
Influence of furosemide on hemodynamic responsesgexercise in horsegdm. J.

Vet. Resb3, 742-747. a

Olsen, S.C., Coyne, C.P., Lowe, B.S., Pelletier, N. bREUM., Erickson, H.H. (1992)
Influence of cyclooxygenase inhibitors on furosesridduced hemodynamic effects
during exercise in horse&m. J. Vet. Re$3, 1562-1567. b

Pappenheimer, J. R., Soto-Rivera, A. (1948) Effeaismotic pressure of the plasma
proteins and other quantities associated with #pélary circulation in the hindlimbs of
cats and dog#Am. J. Physiol152, 471 -491.

Parker, R.E., Roselli, R.J., Harris, T.R., Brigham, K1981) Effects of graded increases in
pulmonary vascular pressures on lung fluid balanemanesthetized shedpirc. Res
49, 1164-1172.

Parker, J. C., Ardell, J. L., Hamm, C. R., Barman,S. @oker, P. J. (1995) Regional
pulmonary blood flow during rest, tilt, and exercia unanesthetized dogk.Appl.
Physiol 78, 838-846.

Pocker, Y., Watamori, N. (1973) Stopped-flow stigdi¢ high pH activity and
acetazolamide inhibition of bovine carbonic anhgdréEnzyme-catalyzed hydrolyses of
3-pyridyl and nitro-3-pyridyl acetateBiochemistryl2, 2475-2482.

Raffestin, B., McMurtry, I.F. (1987) Effects of int=llular pH on hypoxic vasoconstriction
in rat lungs.J. Appl. Physial62, 2524-2531.

Rose, R.J., Hodgson, D.R., Kelso, T.B., McCutcheon, Bayly, W.M., Gollnick, P.D.
(1990) Effects of acetazolamide on metabolic asgiratory responses to exercise at
maximal O2 uptakel. Appl. Physial68, 617-626.

Rubie, S., Robinson, N.E., Stoll, M., Broadstone, RDé&rksen, F.J. (1993) Flunixin
meglumine blocks frusemide-induced bronchodilatiohorses with chronic obstructive
pulmonary diseas&quine. Vet. J25, 138-142.

Rudolph, A.M., Yuan, S. (1966) Response of the pubmprasculature to hypoxia and H+
ion concentration changek.Clin. Invest45, 399-411.

Schaffartzik, W., Poole, D.C., Derion, T., Tsukimadto, Hogan, M.C., Arcos, J.P., Bebout,
D.E., Wagner, P.D. (1992). VA/Q distribution durihgavy exercise and recovery in
humans: implications for pulmonary ederaAppl. Physial 72, 1657-1667.

50



Schaffartzik, W., Arcos, J., Tsukimoto, K., Mathi€astello, O., Wagner, P.D. (1993)
Pulmonary interstitial edema in the pig after heaxgrciseJ .Appl. Physial 75, 2535-
2540.

Schneeberger, E. E., Karnovsky, M. J. (1976) Substre of intercellular junctions in
freeze-fractured alveolar-capillary membranes ofiseolungCirc. Res.38, 401-411.

Shimoda, L.A., Luke, T., Sylvester, J.T., Shih H,\3ain A., Swenson, E.R. (2007)
Inhibition of hypoxia-induced calcium responseginmonary arterial smooth muscle by
acetazolamide is independent of carbonic anhydndusieition. Am. J. Physiol. Lung.
Cell. Mol. Physiol292, L1002-L1012.

Schoene, R.B., Hultgren, H., Swenson E.R. (2001) Hititude pulmonary edema. In:
High Altitude: An Exploration of Human Adaptatioed. Hornbein T.F., Schoene R.B.,
777-814, Dekker, New York.

Silke, B. (1993) Central hemodynamic effects of diartherapy in chronic heart failure.
Cardiovasc. Drugs. TheSuppl 1, 45-53.

Sinha, AK., Gleed, R.D., Hakim, T.S., Dobson, A/aBnon, K.J. (1996). Pulmonary
capillary pressure during exercise in horde#\ppl. Physial80, 1792-1798.

Slonim, N.B., Ravin, A., Balchum, O.J., Dressler, §1854) The effect of mild exercise in
the supine position on the pulmonary arterial pressf five normal human subjects.
Clin. Invest.33, 1022-1030.

Speake, P. F., Roberts, C. A., Gibson, J. S. (198@}tof changes in respiratory blood
parameters on equine red blood cell K-CI cotranspdkin. J. Physiol273, C1811—
C1818.

Staempfli, H.R., Misiaszek, S., Lumsden, J.H., Car|€8.P., Heigenhauser, G.J.F. E(1999)
Weak acid-concentration Atot and dissociation camsKa of plasma proteins in
racehorsesEquine. Vet. JSuppl. 30, 438-442.

Starling, E. H. (1896) On the absorption of flufctem connective tissue spacdsPhysiol
19, 312-326. a

Starling, E. H. (1896) The Arris and Gale Lectuvashe physiological factors involved in
the causation of dropsy. Lecture I. The productibtymph.Lancet 1267-1270. b

Staub, N.C., Nagano, H., Pearce, M.L. (1967) Theaece of events during fluid
accumulation in acute pulmonary ededn. Heart. J8, 683-689.

Stenmark, K.R., Mecham, R.P. (1997) Cellular and mdéganechanisms of pulmonary
vascular remodelingAnnu. Rev. Physiob9, 89-144.

Sterling, D., Reithmeier, R.A.F., Joseph, R.C. (200Xp@&aic anhydrase: in the driver's
seat for bicarbonate transpal©OP. J. Pancrea2 (Supp 14), 165-170.

Stewart, P.A. (1978) Independent and dependerdhblas of acid-base contrétespir.
Physiol.33, 9-26.

Stewart P.A. (1981) How to understand acid basgudntitative acid base primer for
biology and medicine. New York: Elsevier/North Huid.

Stewart, P.A. (1983) Modern quantitative acid-basemistry.Can. J. Physiol. Pharmacol.
61, 1444-1461.

Swenson, E.R., Maren, T. H. (1978) A quantitativaelgsis of CO2 transport at rest and
during maximal exercis&kespir. Physiol35, 129-159.

51



Swenson, E.R. (1998) Carbonic anhydrase inhibitodsventilation: a complex interplay of
stimulation and suppressioBur. Respir. J12, 1242-1247.

Swenson, E.R. (2000) Respiratory and renal roleartfonic anhydrase in gas exchange
and acid-base regulation. In: The Carbonic Anhydrasew Horizon, ed. Chegwidden,
W.R., Carter, N.D., Edwards, Y.H., Oxford, UK, Birklszu, 281-341.

Swenson, E.R., Maggiorini, M., Mongovin, S., GibBs., Greve, |., Mairbauerl, H.,
Bartsch, P. (2002) Pathogenesis of high-altitudenpalkry edema: inflammation is not
an etiologic factorJ. A. M. A 287, 2282-2235.

Wagner, P.D., Gale, G.E., Moon, R.E., Torre-Buer®,, Btolp, B.W. & Saltzman, H.A.
(1986) Pulmonary gas exchange in humans exercigiaga level and simulated altitude.
J. Appl. Physial61, 260-270.

Wagner, P.D., Gillespie, J.R., Landgren, G.L., Feddl&., Jones, B.W., DeBowes, R.M.,
Pieschl, R.L.,d Erickson, H.H. (1989) Mechanismxdreise-induced hypoxemia in
horsesJ. Appl. Physial66, 1227-1233.

Wagner, E.M., Blosser S., Mitzner W. (1998) Bronch&scular contribution to lung lymph
flow. J. Appl. Physial85, 2190-2195.

Ward, S.A., Whipp, B.J., Koyal, S.N., Wasserman(1083) Influence of body CO2 stores
on ventilatory dynamics during exercide Appl. Physial55, 742—749.

West, J.B., Mathieu-Costello, O., Jones, J.H., BiEkK,, Logemann, R.B., Pascoe J.R.,
Tyler, W.S. (1993) Stress failure of pulmonary dapies in racehorses with exercise-
induced pulmonary hemorrhagk.Appl. Physial75, 1097-1109.

Weir, E.K., Olschewski, A. (2006) Role of ion chalmi@ acute and chronic responses of
the pulmonary vasculature to hypox@ardiovasc. Res71, 630-641.

Weitzenblum, E., Hirth, C., Ducolone, A., Mirhom, Rasaholinjanahary, J., Ehrhart, M.
(1981) Prognostic value of pulmonary artery pressuirchronic obstructive pulmonary
diseasThorax36, 752—-758.

Wilkins, P.A., Gleed, R.D., Krivitski, N.M., DobsoA, (2001) Extravascular lung water in
the exercising horsd. Appl. Physial91, 2442-2450.

Younes, M., Bshouty, Z., Ali, J. (1987) Longitudirthstribution of pulmonary vascular
resistance with very high pulmonary blood flalvAppl. Physial62, 344-358.

52



Acknowledgments

| wish to acknowledge the support and guidancergtwe my supervisors,
Dr. John Pringle, Dr. Laurent Viel and Dr. Georgeidg¢nhauser. | am
lucky and greatly honored to be guided through Bti® program by these
eminent individuals. They all left a permanent iegmion on my
professional and personal life.

| would like to thank Dr. Henry Staempfli for higezt help in my
research and clinical progress. His famous sayigdicine keeps us
humble” will forever echo in my ears.

| am grateful to all that gave me their indispelesdssistance and advice
during the exercise studies (Dr. Wayne McDonell, Brancisco Teixeira,
Dr. Aury Moraes, Dr. Luis Arroyo, Dr. Heather Cham, Dr. Carolyn
Kerr, Dr. Dorothee Bienzle, Gabrielle Monteith, D@&chnurr).

I would like to thank Dr. Vojteh Cestnik for hismguort in my research
and professional work at the Veterinary facultyhljana.

Finally, but most importantly, | thank my beautifidhtarina, Eva and
Petra for their support and inspiration through D work. | am deeply
indebted to Maria and Edgar who gave me loving natia, great
encouragement, and a warm and cozy escape atmat.ti am grateful to
Tone, Gorazd, and Katjusa for their love, suppord advice. | thank
Barbara, Milena and Stane for their support.

Although | cannot share the happiness of achiethegPhD degree with
my parents, Andrea and Mihael, they raised me ttheegerson | am, and
to them | owe thanks for my success and happineddicate this work
to both of them.

This study was supported by the:
e Ontario Ministry of Agriculture and Food— EquineoBram,
« Department of Clinical Studies at the UniversityGfelph,
» Slovenian Research Agency grant P4-0053,

53



+ Canadian institutes of health research,

e Department of Medicine at the McMaster Universityedital
Centre.

The overall PhD program of training was conductéthiw the Department
of Clinical Sciences, Faculty of Veterinary Medieiand Animal Sciences,
Swedish University of Agricultural Sciences. Modt the experimental
work was conducted at the Ontario Veterinary Caletniversity of

Guelph. Some experimental procedures were perfoahdzepartment of
Medicine, McMaster University Medical Centre.

54



