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ABSTRACT 

The exercise induced reduction in the heterogeneity of perfusion of the lung may 

result from vascular distension or recruitrnent or a combination of hoth. We studied the 

accommodation of the increased pulmonary blood flow in the transition from rest tlmmgh 

two successive levels of exercise in 19 awake mongrel dogs. To do so, we used the single 

bolus multiple indicator dilution technique with markers of the pulmonary vascular surface 

area and studied their behaviour at exercise. In a tirst set of experiments (n=9) 

[3H]norepinephrine served as the vascular surface area tracer while [3H]benzoyl-Phe-G1y­

Pro ([3H]BPGP), an inactive angiotensin-converting enzyme substrate was utilized in 

another (n=IO). Three other tracers were also injected with the surface markers: two 

vascular space markers, [51Cr]erythrocytes and [125l]albumin, and a water space tracer. 

[l4C]l,8-octanediol. The mixture was injected into the pulmonary circulation and timed 

outflow samples were collected in the ascending aorta to obtain dilution curves. With 

exercise, the increase in pulmonary blood flow was accompanied by a linear increa.~e in 

oxygen consumption. The range of blood flow achieved varied from 41 mUs tC' 457 mUs. 

The central blood volume as measured from the intravascular references increased Iinearly 

with flow. The tracer accessible extravascular lung water increased with flow and rapidly 

approached a maximal asymptotic proportion representing 75% of the postmortem lung 

weight. The ratio of the dilutional estimates of the extravascular Jung water to that mea~urcd 

gravimetrica1Jy also increased in a similar fashion to reach an asymptotic proportion of 

close to 100%. These values were attained for moderate values of bJood flow and did n(lt 

increase further with higher blood flows. Tracer norepinephrine extractIOns at rest and al 

the two levels of exercise were 17% ± 1.2, 14% ± 0.8 and 15% ± 0.8 {SE) re~pectJvely 

Using the Crone approximatIOn we computed the permeability surface area producl (PS) 

for norepinephriAle. The PS product increased linearly with flow. Similarly, the 
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proportion al [3H]BPGP hydrolysis did not vary with flow, and averaged 55%. The first 

order kinetic pararneter Amax/Km for [3H]BPGP hydroJysis (equivalent to the PS product) 

also increased linearly over aIl ranges of blood flow. We conc1ude that with exercise there 

is a 1 inear increase in pulmonary vascular volume. In the transition from low to moderate 

levels of bJood flow th.:re is Jung tissue recruitrnent which can only be the result of lung 

vascuJar recmitment. Assuming no variation with tlow of the Jung penneabilHty to 

norepinephrine or of the puhnonary angiotensin-converting enzyme funetion, there i.~ a 

linear increase with bJood flow of the pulmonary vascular surface area that e~Ui' interaet with 

a vascular substrate. This suggests that when all of tl1e lung tissue is Leing perf\llsed, there 

is neverthelt'ss further recruitment, with inereases in flow, of vascular surface th.llt ean 

modify vascular substrates. We found that as pulwonary bJood flow is tripled, thl! lung 

vascular surface area is also tripled and that capillary recruitment contributes to the process 

over the whole range of flows. 
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RESUME 

Lors de l'exercice il y a réduction de l'hétérogénéité de p~rfusion des poumons 

résultant soit d'une distention vasculaire, soit d'un recrutement, ou encore d'une 

combinaison des deux. Pour mieux comprendre ce phénomène, nous avons étudié 19 

chiens au repos et à deux niveaux croissant d'effort en utilisant des marqueurs de la surface 

vasculaire pulmonaire à l'aide de la technique de dilution avec indicateurs multiples. Dans 

une première série d'expériences, la [3H]norépinéphrine servi de traceur de la surface 

vasculaire (n=9) alors que le [3H]benzoyl-Phé-Gly-Pro ([3H) BPGP), un substrat inerte de 

l'enzyme de conversion de l'angiotensine, fut utilisé dans une autre série (n=IO). Trois 

autres traceurs furent injectés simultanément avec les marqueurs de surface: deux 

marqueurs de l'espace intravasculaire, des érythrocytes ( marqués au [51Cr)) et de 

l'albumine ([1251)), et un marqueur de l'espace en eau du poumon, le [14C] 1 ,8-octanediol. 

Les courbes de dilution furent obtenues par injection de la mixture dans la circulation 

pulmonaire et recudl d'échantillons dans l'aorte ascendante. l.ors de l'exercice, 

l'augmentation du débit sanquin pulmonaire s'accompagna d'une augmentation linéair~ de 

la consommation en oxygè.le. Les débits sanguin pulmonaire mésurés variaient de 41 rnVs 

au repos à 457 mUsec à l'effort. L'eau extravasculaire pulmonaire accessilble au traceur 

augmenta rapidement avec le débit pour se rapprocher d'une valeur asymptotique maximale 

représentant 75% des poids pulmonaire post-mortem. Le rapport entre l'eau extravasculaire 

pulmonaire mesurée par dilution et celle mesurée gravimétriquement augmenta de facon 

similaire pour atteindre une valeur asymptotique maximale de près de lOü%. Ces va}eurs 

furent obtenues à des niveaux modérés de débit pulmonaire et n'augmentairent pas avec des 

niveaux plus élevés. L'extraction de la norépinéphrine au repos, et aux deux niveaux 

d'exercise était de 17% ± 1.2, 14% ± 0.8 et 15% ± 0.8 (ds) respectivement. En utilisant le 

model de Crone nous avons calculé le produit perméabilite-surface (PS) pour la 

norépinéphrine et avons trouvé qu'il augmente de facon linéaire avec le débit sanquin 
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pulmonaire. De facon similaire, la fraction d'hydrolyze du [3H)BPGP ne varia pas avec 

l'effort avec une moyenne de 55%. Le paramètre cinétique de premier ordre AmaxlKm 

(enqivalent au produit PS) calculé pour le [3H]BPGP augmenta aussi de facon linéaire avec 

le débit pulmonaire. NOU5 concluons que l'exercice résulte en une augmentation linéaire du 

volume sanqum pulmonaire. A mesure que le débit cardiaque augmente il y a recrutement 

tissulaire pulmonaire qui devient rapidement maximal à des niveaux modérés de débit. Ce 

recrutement tissulaire ne peut être le fruit que d'un recrutement vasculaire pulmonaire. 

Assumant aucun changement., avec l'exercice. de la pennubilite pulmonaire à la 

norépinephnne et de l'activité de l'enzyme de conversion, il y a une augmentation linéaire 

avec l'exercice de la surface vasculaire pulmonaire pouvant interagir avec ces substrats 

circulants. Ceci suggère que même lorsque tout le tissus pulmonaire est perfusé. il Y a 

néanmoins un recrutement capillaire qui se poursuit pour des niveaux plus élevés de débit. 

Nous avons démontré que lorsque le débit pulmonaire triple avec l'exercice, la surface 

vasculaire pulmonaire triple aussi, le recrutement capillaire pulmonaire participant à ce 

phénomène à tous les niveaux de débit cardiaque. 
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PREFACE 

This thesis is submitted to the McGill Faculty of Gmduate Studies and Resc:arch 

which gives candidates the choice of two options in the submission of theÎI thesis. Option 

A is the conventional fonnat known to all universiùes while opùon B is in the fonn of 

published or publishable papers. This work is submitted in the foml of option B according 

to the thesis guidelines of the Faculty of Gmduate Studies and Research: 

"The candidate has the option, subject to the approval of the Departrnent, of including 

as part of the thesis the text, or duplicated published texi, of an original paper, or papers. 

In this case the thesis must still confonn to ail other requirements explained in Guidelines 

Conceming Thesis Preparation. Additional material (procedural and design data as well as 

descriptions of equipment) must be provided in sufficient dewil (e.g. in appendices) to 

allow a clear and precise judgement to be made of the importance and originality of the 

research reponed. The thesis should he more man a rnere collection of manuscripts 

published or to he published. Il must include a general abstract, a full introduction and 

literature review and a final overall conclusion. Connecting texts which provide logical 

bridges hetween different manuscripts are usually desirable in the interests of cohesion." 

"It is acceptable for theses to include as chapters authentic copies of papers already 

published, provided these are duplicated clearly on regulation thesis stationary and bound 

as an integral part of me mesis. Photographs or other materials which do nut duplicate weil 

must he included in their original form. In such instances, connecting texts are mandatory 

and supplernentary explanatory rnaterial is almost always necessary." 
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'The inclusion of manuscripts co-authored by the candidate and others is acceptable 

but the candidate is required to make an explicit statement on who contributed to such work 

and 10 what extent, and supervisors must a!lest to the accuracy of the claims, e.g. before 

the Oral Committee. Since the taks of the Examiners is made more difficult in the se cases, 

it is in the candidate's interest to make the responsibilities of authors perfectly clear. 

Candidates follo'.ving this option must inform the Department before it submits the thesis 

for review." 

Two papers will be presented in chapters 2 and 3 respectively. The paper presented 

in chapter 2 is entitled "Use of norepinephrine uptake to measure lung capillary recruinnent 

with exercise" by J.Dupuis, C.A. Goresky, C. Juneau, A. Calderone, J.L. Rouleau, C.P. 

Rose, and S. Goresky, and was published in the Journal of Applied Physiology, 

68(2):700-713,1990. The second paper, in chapter 3, is entitled "Pulmo:1ary angiotensin­

converting enzyme substrate hydrolysis during exercise " by 1. Dupuis, C.A. Goresky, 

J.W. Ryan, lL. Rouleau, and G.G. Bach, and is submitted for consideration for 

publication in the same journal. 

1 would like to acknowledge the work of the co-authors of these papers. C. Juneau 

contributed to the developement of the experimental model used in these studies and did 

sorne of the pilot experiments, A. Calderone is a biochemisl who taught me how to separate 

catecholamine metabolites using cation exchange resins, C.P. Rose and S. Goresky 

measured arterial and venous catecholamines by HPLC. J. W. Ryan, from the university of 

Miami, spent a week in Montreal to teach me the techniques of product separation for the 

augiotensin-converting enzyme substrate [3H]benzoyl-Phe-Gly-Pro and kind1y provided 

this substrate for our experiments. G. G Bach is a mechanical engineer who contributed to 

the development of the mathematical modeling of the enzyme catalysed conversion of tracer 

VIII 



J 

substrate to Jiroduct at the inr.er surface of endothelial cells which is detailed in appendix 1 

of chapter 3. C.A. Goresky and J.L Rouleau were the thesis co-supervisors. 

Chapter 1 i~ a general introduction to the thesis. Chapters 2 and 3 each contain its 

own abstract, introduction, materials and methods, discussion and references. The thesis 

ends with the claims to original research and a gencral conclusion. 
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CHAPTER 1 

THE PULMONARY CIRCULATION 
AND THE METABOLIC FUNCTIONS 

OF THE LUNG 
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INTRODUCTION 

" He who really understands what is 
involved in the breathing of man has 
sensed the breath of god and thereby 
saved his soul " 

(Michael Servetus, c1511-1SS3) 

It is believed that the fust account of the pulmonary circulation was by Michael 

Servetus (13) in a rather theological publication entitled "Christianismi Restitutio". His 

description challenged the accepted Galenic dogma which stated that the blood was formed 

in the liver and then passed from the right to the left cavity of the heart by flowing through 

pits distributed in the interventricular septum. In the left cavity, the "vital spirit" was mixed 

with the "pneuma" coming from the lung, and was then distributed to the tissues. Servetus, 

who practised vivisection, noticed that there were no pores in the septum separating the two 

cavities and concluded that the blood must pass through the lungs before retuming to the 

left ventricle. This brief historical note emphasizes the many controversies surrounding the 

pulmonary circulation; the concept of the pulmonary circulation itself remained 

controversial until the discovery of the circulation by Harvey in the 17th century. 

Interestingly, Servetus' convictions (especially those regarding the doctrine of the Trinity!) 

brought him to the stake were he was bumt as an heretic with all but three copies of his 

book. 

One of the presently most debated and controversial subjects in pulmonary 

physiology still pertains to the pulmonary circulation. With increasing pulmonary blood 

flow (as seen with exercise) there is a simultaneous increase in the pulmonary vascular 

volume (7). Based on physical principles alone there are only two ways by which this 

phenomenon can occur. First, an increase in the diameters of the pulmonary vessels will 
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raise their volume by a factor corresponding 10 the squared increments .of their radius. We 

will refer 10 this tirst mechanism as "vascular distension". Alternatively, with increasing 

pulmonary blood flow there could be flow in new vascular channels which were not 

previously perfused thus adding to the overall vascular volume. We will refer to this latter 

mechanism as representing "vascular recruitment". The accommodation of Ïncreased 

pulrnonary blood flow with exerci:;e could he the result of either distension or recruitment, 

or a combination of both. 

There have, thus far, been no experirnental tools that could clearly distinguish 

between vescular distension and recruitment. In the present studies we took advantage of 

the rnetabolic properties of the pulmonary vascular endothelium which can extract, 

metabolize and store various circulating substances. To sorne extent, the kinetic 

characteristics of these substances will depend on the vascular surface area that is available 

for interaction. We used two such markers of the pulmonary vascular surface area and 

studied their metabolism al rest and through two successive levels of exercise in the awake 

dog by the use of the multiple indicator dilution technique. Tritiated norepinephrine was 

used in one set of experiments while the tritiated angiotensin-converting enzyme substrate 

benzoyl-Phe-Gly-Pro (BPGP) served in another. This chapter will review basic concepts in 

pulmonary vascular physiology and will describe sorne endothelial cell-vascular substrate 

interactions . 
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PULMONARY CIRCULATION 

DISTRIBU nON AT REST 

The pulmonary circulation is a high compliance low resistance system distributed 

along a certain vertical height (25 cm in the nonnal upright human) which creates a vascular 

pressure gradient decreasing from the bottom to the apex of the lung (7). The uniqueness of 

the pulmonary capillaries reside in their close proximity to the alveolar spaces, thus 

facilitating gas exchange. The distributron of pulmonary blood flow will therefore be 

influenced not only by the arterial and venous pressures but also by the complex interplay 

between the gravitational field and the intm-alveolar pressure. At rest, these interactions are 

responsible for a perfusion gradient that decreases from the bottom to the apex of the lung. 

This phenomenon has been well studied using hemodynamic, morphometric and gas 

exchange studies (the reader is referred to the introductions of chapter 2 and 3 for details). 

Four lung zones have been described by West in an effort to delineate this finding. These 

zones do not represent true anatomical borders but represent resting physiological 

conditions which gradually progress from one to the other along the vertical height of the 

lung. This work will frequently refer to lung zones so that we consider it important to 

briefly review their description. 

ZONE 1. In this zone, the alveolar pressure exceeds the pulmonary arteriai pressure 

(PA>Ppa). The capillaries are therefore attenuated or collapsed and offer the greatest 

resistance to blood flow. ln the upright subject this condition is encountered at the 

apex of the lung where minimal flow is achieved. 

ZONE 2. In this condition, the pulmonary arterial pressure exceeds the alveolar 

pressure which in turn exceeds the pulmonary venous pressure (Ppa>P A>Ppv). This 

is thought to result in a cusplike narrowing at the venous end of the capillary which 

acts as a Starling resistor. Unlike the flow in systemic capillaries which is determined 
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by the arterial-venous pressure difference, the flow in zone 2 is governed by the the 

arterial-alveolar pressure difference. As we descend vertically along this zone, the 

arterial pressure and bl00d flow both increase.1t is the zone where the greatest 

variation of blood flow œcurs along the vertical height; it ordinarily represents the 

middJe portion of the Jung. 

ZONE 3. At the base of the lung the pulmonary arterial and venous pressures both 

exceed the a1veolar pressure (Ppa>Ppv>P A) 50 that the capillaries are fully distended 

and offer minimal resistanœ to blood flow. This is the zone where the best tissue 

perfusion is achieved. 

ZONE 4. This zone is situated in the Most dependent portion of the lung where we 

find a paradoxical decrease in perfusion despite the highest arterial pressures. It is 

believed that distortion of the extra-alveolar vessels in this zone at functional residual 

capacity is responsible for the mild decrease observed. 

DISTRIBunON AT EXERCISE 

Numerous physiologie as well as pathologic conditions will modify the factors 

responsible for the pulmonary blood flow distribution seen in resting conditions. The mast 

common of these conditions is surely exercise. With exercise there is an increase in 

pulmonary blood flow (or by definition the cardiac output) which is matched to the 

increased metabolic demand (02 uptake). Compared to the important increase in blood flow 
:, 

(it may be multiplied by a factor of 20 in extreme conditions!) there ip relatively very little X 

increase in the pulmonary vascular pressures with exercise, 50 that there is an important 

decrease in resistance. This accommodation to the increased pulmonary bJood flow with 

exercise appears linked to an increase in the pulmonary vascular volume. At rest the 
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pulmonary blood volume represents 10% to 12% of the total blood volume (about 200 ml 

in a 20 kg dog) and it can virtually double with high levels of exercise (7,10). The blood 

volume is distributed about equally in the arteries, the capillaries and the veins (7) (about 

56, 68 and 76 ml respectively in a 20 kg dog). The cross sectional area of the pulmonary 

vascular tree increases exponentially from the main pulmonary artery to the capillaries so 

that the increase in blood volume seen with exercise occurs mostly in the capillary bed (7). 

With exercise there is also a reduction in the heterogeneity of perfusion of the lungs, 

the upper p~rts becoming better perfused. Because of the increase in pulmonary arteriaI 

pressure, the capillaries in zone 2 condition may have distended giving rise to a zone 3 

condition, while zone 1 capillaries may have become recruited (reopened) to behave as a 

zone 2. The increase in capillary blood volume with exercise has been weB documented by 

various morphometric techniques (9,16) and by studying the pulmonary diffusing cap~dty 

for sorne gases (oxygen or carbon monoxide) (3.8), the latter being partly dependent on the 

capillary volume. However these methods do not readily distinguish between vascular 

distension and recruitment and although mosl investigators believe in Ûle presence of 

distension, sorne are reluctanl to accept the recruitment theory in normal physiologie 

conditions. There is consequently a need lo devise new methods which win undoubtedly 

confum or refute the presence of vascular recruittnent and which may help to quantify the 

roles of distension versus recruitment One possible avenue is to use the rnetabolic 

properties of the pulmonary vascular endothelium to obtain information on the capillary 

surface area that is accessible to an appropriate vascular substrate. 

METABOLIC FUNCTIONS OF THE LUNG 

The .. ~.mary function of the lungs is the exchange of gases, 50 thal we often overlook its 

important metabolic role. The vascular surface area of the lung is greater than that of any 

6 



( 

( 

other internal organ and its privileged position between the right and the left heart chambers 

enables the lung to receive the whole cardiac output 11le pulmonary vascular endothelial 

cells possess enzymes, receptors and transduction mechanisms which enable them to 

change the biological activity of numerous substances presented to them via the pulmonary 

circulation. 

Many vasoactive substance are removed or inactivated by the lungs. These substances 

are generally released locally, so that their action is thought to he restricted at or near the 

site of release. The !ung then acts as a protective mechanism, by inactivating blood 

spillover of these substances before they reach the systemic circulation. Norepinephrine 

~nd 5-hydroxytryptamine are two examples of vasoactive amines belonging to this 

category. 

Altemately, the lung May act as a modulator that can modify a circulating substance to 

produce a new vasoactive moiety. The best known example of the latter is the conversion 

of angiotensin 1 to angiotensin fi by the pulmonary angiotensin-converting enzyme. A 

review of all the metabolic properties of the lung is beyond the scope of the present work 

and we shaH conœntrate on the description of the pulmonary handIing of norepinephrine 

and angiotensin-converting enzyme substrates which are the substances of interest in our 

studies. 

NOREPINEPHRINE 

ln 1964, Eiseman et ail reported that the half life of norepinephrine was markedly 

reduced when perfused through an isolated lung lobe (6). Since then, numerous 

publications have estabIished that norepinephrine is removed from the circulation and 

metabolised by the pulmonary vascular endothelium (11). 
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The limiting factor in norepinephrine removal by the lung is the rate cf transport into 

the endothelial ceUs. Il is a saturable transport mechanism with an estimated Km value 

between 1.1 and 2.4 IlM and V max between 2.2 and 5.6 nmohcc-1.gm-l and it is 

inhibited by imipramine and cocaine. The uptake is temperature sensitive and sodium 

dependent while it is inhibited by potassium. It is not affected by the presence of inhibitors 

of monoamine oxidase (MAO) or of catechol O-methyltransferase (COMT). There is no 

storage of norepinephrine in the endothelial ceUs and the extracted amine is rapidly 

metabolised by MAO and COMT (both enzymes are present in the endothelial cells). The 

!\verage extraction of norepinephrine in the dog using continuous infusion methods or 

single bolus infusions is close to 20%. The rate limiting .:;tep in the norepinephrine 

extraction is the carrier mediated transport process which is itself dependent on the vascuhu· 

scrface area that comes into contact with the circulating norepinephrine. One can therefore 

use norepinephrine as a marker of the pulmonary vascular surface area. 

ANGIOTENSIN-CONVERTING ENZYME 

The angiotensin-convening enzyme (ACE) is a peptidase located at the luminal 

surface of the pulmonary vascular endothelium (15). Although ACE can he found in blO('iJ 

and various other tissues, its major reservoir resides in the lungs. Pulmonary ACE is 

responsible for the conversion (or more appropria tel y hydrolysis) of angiotensin 1 to 

angiotensin 2. The observation of this activity first became possible when intrinsically 

labeled angiotensin 1 became available. Because of the location of the enzyme (on the 

endothelialluminal surface), there is no endothelial uptake process aSsoclated with the 

hydrolysis, and the pulmonary outflow profile for the sum of the ACE substrate plus 

prl(juct has ordinarily been found to be indentical to that of a reference intravascular tracer. 

Thus. the pulmonary ACE is often referred to as an ectoer ~ } me. 
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In the past ten years, following the discovery of the most potent and specifie ACE 

inhibitors in peptides i50lated from snake venom (Bothrops jararaca, Ferreira 1965), 

numerous ACE inhibitors (captopril, enalapril,lisinopril, pirindopril, etc.; as weIl as ACE 

substrates have been developed for clinical or research purposes. The ACE substrates fonn 

a class of compounds that are biolo;~cally inactive although they are metabolised at various 

rates by the converting enzyme. Th,e most widely used of these substrates is [3H]benzoyl­

Phe-Ala-Pro ([3H]BPAP) which has a single pass hydrolysis of approximately 80% in the 

dog lung to yield one radioactive pmduct, [3H]Benzoyl-Phe. At su ch a high fractional 

hydrolysis however, kinetic computations may become less accurate, 50 that it seemed 

appropriate to develop and test other sul>strates. Two such substrates have been developed, 

[3H]benzoyl-Phe-Gly-Pro ([3H]BPGP) and [3H]benzoyl-Ala-Gly-Pro ([3H]BAGP). The 

experiments depicted in chapter three were done with the use of [3H]BPGP which has a 

high affinity for the angiotensin-converting enzyme, while it is pharmacologically inactive. 

The fraction al hydrolysis for [3H]BPGP in a single lung passage in the dog is 

approximately 55%, which should yield more sensitive-to-change estimates of ACE kinetic 

parameters. 

Because of its luminal surface distribution, the pulmonary angiotensin-converting 

enzyme kinetics will be dependent on the vascular surface area that is accessible to a 

vascular substrate. ACE substrates have therefore been used as markers of the pulmonary 

vascular surface cr in tegri t y in numerous physiologie and pathologie conditions. Tritiated 

BPGP therefore seemed to he a good candidate to serve as a pulmonary vascular surface 

tracer marker in the exercising dog, one whose metaboIism is greater than that of labeled 

norepinephrine, and so may he more accurately evaluated. 
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PROBLEMS ARISING FROM THE USE OF TRITIATED 

NOREPINEPHRINE AND BPGP 

The aim of the present work is to use the multiple indicator dilution technique with 

[3H]norepinephrine and [3H)BPGP as markers of the pulmonary vascular surface area at 

rest and with exercise. The use of these substances at rest and at exercise in awake, 

chronically instrumented dogs, raises sorne methodological difficulties whieh are inherent 

to the unavoidable contact with whole blood during its passage through the pulmonary 

circulation. We will briefly discuss this topie here, so that the reac!er may appreciate the 

techniques that wc!re utilized (materials and methods, chapter 2 and 3) to overcome these 

difficulties. 

When measuring plasma catecholamine concentrations, one has to handle the drawn 

samples with special care. If they are left at room temperature without preservatives, there 

will he a rapid decay in the measured concentration over the frrst 30 minutes (2). This 

deca) is caused partly by the presence of MAO and COMT in plasma, but more importantly 

by the the interaction of the red blood cells with plasma catecholamines. Norepinephrine in 

found in the reG blood cells in concentrations equal to that of plasma. There exists an actIve 

transport mechanism for norepinephrine across the eryth;'OCytic mem brane and the l"f'A 

blood cells also possess the enzymes required for catecholamine metabohsm (especially 

COMT). If norepinephrine is added to red blood ceUs, there will be an active transport into 

the cells which will he maximal after two hours, with the intra-erythrocytic norepinephrine 

concentration being twice that in plasma (4). This transport is temperature senSItive and is 

inhibited at 4 degrees Celsius. It has been shown 10 he modified in certam pathologlc 

conditions, so that it is postulated that this intra-erythrocytic pool of catecholammes may 

play a role in the manifestation of diseases. In the DOCA-salt hypertensive rat, for 

example, Bouvier et al. (1) demonstrated that the increased plasma norepinephrine 
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concentration in the hypertensive animal was accompanied by an increased measured 

concentration in the red bJood eells. 

The red blood ceU uptake of norepinephrine poses a special problem if one is to 

measure the pulmonary uptake of norepinephrine with the multiple indicator dilution 

technique in "in vivo" conditions. If no special precautions are taken, the extraction data 

May he falsely elevated since part of the uptake may he atuibutable to the red blood ceUs. 

Measures taken to avoid this problem are to minimizc the tirne of contact hetween the blood 

and norepinephrine, to keep all blood samples on ice, and to add competitive inhibitors of 

the uptake process to the collected samples. 

A different probleJ'Tl arises in the study of pulmonary angiotensin-converting enzyme 

kinetics "in vivo". One has to take into account the presence of ACE in plasma itself, that 

May hydrolyze the substrate to be studied, resulting in a falsely elevated estimation of the 

fraction al hydrolysis. This problem has never becn ad~sscd before and investigators have 

avoided it by making plasma frce injection mixtures and by perfusing the lungs with 

physiologie solutions instead of blood. However. the issue becomes quite problematic if 

one wishes to study awake dogs at rest and during exercise. In chapter 3, it becarne 

necessary to validate the technique by demonstrating that the plasma hydrolysis ot 

[3H]BPGP within a single pulmonary transit time was negJigible when compared to 

pulmonary hydrolysis. ft was already known that there is greater than one order of 

magnitude difference (120 sec versus 4 to 8 sec) in the time required for equivalent degrees 

of conversion of angiotensin 1 to angiotensin 2 in the peripheral blood. as compared 10 that 

through the pulmonary circulation (12). This is not surprising if one considers the much 

greater concentration of ACE in the lungs together with the presence of natural ACE 

inhibitors in plasma (14). Nevertheless, extreme care was needed in the preparation of the 
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injection mixture of the [3H]BPGP studies to assure plasma free (that is. ACE free) 

injectates. 

The best known ACE substrate, BPAP, has been recently demonstrated to bind to 

bovine serum albumin in a way which affects its pulmonary hydrolysis, but even in 

albumin free isolated lung preparations, it has been suggested that BPAP hydrolysis is 

always complete, even at low flows, suggesting the existence of two conformers of BPAP. 

This appeared to he verified by the finding that there is a slow second component in BPAP 

hydrolysis by commercially available ACE, corresponding in magnitude more or less to the 

component not hydrolyzed during a single passage (5). In chapter 3, two "in vitro" 

experirnents were canied out to study BPGP hydrolysis by dog lung ACE and its 

hydrolysis by the ACE present in dog serum; in both cases, BPGP hydrolysis proceeds 

according to a single rate constant. Therefore BPGP, unlike BPAP, does not appear to 

possess a second slowly hydrolysable confonner, and BPGP-protein binding, if it exists, 

does not noticeably interfere with this substrate hydrolysis. 
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CHAPTER 2 

Use of norepinephrine uptake 

to measure lung capillary recruitment 

with exercise. 



ABSTRACT 

We used the multiple indicator dilution technique with norepinephrine, a vascular 

endothelium surface marker, to study the pulmonary vascular changes in awake exercismg 

dogs. The vascular space tracers, labeled red blood cells and album in, and a water space 

tracer, 1,8-octanediol, were injected with the norepinephrine, and dilution curves were 

obtained in nine dogs, at rest and at two increasing levels of exercise. Extravascular lung 

water dilutional estimates increased with flow and rapidly approached a maximal 

asymptotic value representing 75% of the perfused lung weight. The ratio of the 

extravascular lung water measured by dilution to that measured gravirnetrically also 

increased, to reach an asymptotic proportion of close to 100%. The transit time defined 

vascular space increased linearly with flow; the ratio of lung tissue space to lung vascular 

space therefore decreased with increasing flow. The mean tracer upslope norepinephrine 

extractions at rest and at the two levels of exercise were 17 ± 6.8%, 14 ± 4.1 %, and 15 ± 

4.0%. Using the Crone approximation, we computed the penneability surface area 

products for norepinephrine; These increased linearly with flow. If penneability does not 

change, the increase in the penneability surface area product with flow can he attributed to 

capillary recruitrnent. We conclude that when aIl of the lung tissue has become accessible 

to 1,8-octanediol delivered via the perfused vascular space, there is nevertheless further 

vascular recruitrnent, with increase in flow, of vascular surface that can extract 

norepinephrine. 
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INTRODUcnON 

The pulmonary vasculature is influenced by the gravitational field as weIl as 

intraalveolar pressure. At rest, the interaction of these create a perfusion gradient that 

decreases from the base to the apex of the lung (33). Exercise results in a reduction of this 

heterogeneity of peliusion, the upper parts of the lung becoming better perfused. The 

change with exercise could result from either recruitment of capiIJaries in the upper parts of 

the lung, or distension, or a combination of bath. Investigators studying this have often 

previously focused their efforts on alveolar vessel behaviour in zone 2 of the lungs, where 

alveolar pressure (PA) exceeds intralurninal hydrostatic pressure at the venous end of the 

segment, and hence has been considered to exert a kind of backpressure retarding blood 

flow. Mathematical models of zone 2 conditions. based on the Starling resistor, postulate 

cusplike flow-limiting segments at the venous end of the alveolar vessels, resulting in 

reduced flow with virtually no blood volume displacement (5,6). A more realistic three­

dirnensional model (13) predicts that portions of the alveolar sheet will become unstable 

and collapse as the alveolar pressure-venous pressure (Pv) difference increases, with a 

resulting reduction in perfusion of the region as a whole. Microscopic studies have 

revealed narrowing or collapse of capillary segments as alveolar pressure-venous pressure 

difference increases (15,32), and Dawson et al. (11), in isolated dog lung lobe preparations 

under zone 2 conditions, have reported hemodynamic data consistent with the concept that 

alveolar vascular volume is responsive to changes in the alveolar pressure-venous pi"essure 

difference. The same investigators, in similar preparations, dernonstrated a reduced rate of 

uptake for serotonin despite recording a similar extravascular lung water space in the 

segment, in the transition from zone 3 (pv > PA) to zone 2 conditions (pv < PA) (28). 

They attributed their observations to collapse of sorne alveolar vessels in a fashion which 

rnaintained access of tracer water to the extravascular space, as opposed to a simple 

narrowing. 

, 
1 
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In the present study, we have utilized an uptake process in the pulmonary vascular 

endothelium, examined by use of the multiple indicator dilution technique, to explore the 

pulmonary vascular changes which occur in awake dogs in the transition from rest through 

two suecessively increasing levels of exercise. We have simultaneously estimated the 

extravascular lung water accessible from the vascular space, and have compared these 

dilution estimates with postmortem gravirnetric measurements of the extravascular water. 

Norepinephrine is extracted by a specifie carrier mediated process localized to the 

pulmonary vascular endothelium (22,26) and otherwise is not expected to diffuse readily 

out of the blood vessels. The endothelium metabolizes the vasoactive amine and the 

produets are retumed to the circulation later in time. The pulmonary extraction of 

norepinephrine depends on the endothelial penneability coefficient, the \ascular surface 

area available for exchange, the conversion process within the cells, and the vascular 

exposure time within the region. We have utilized [3H]norepinephrine as a pulmonary 

vascular surface marker and have estimated its penneability-surface area product (PS) at 

rest and during two increasing levels of exercise in these animaIs. The water space tracer 

used was [l4C] 1,8-octanediol, which has an identical transit time to that for labeled water 

(9); the use of the 14C-Iabel is particularly convenient, from an experimental point of view. 

Previous grcivimetric measurements of extravascular water were carried out with the whole 

lung, and have included main stem bronehi (17,18). Since the tracheobronchial tree is 

perfused by the bronchial artery, this part of the lung is not accessible to a water space 

tracer injected into the pulmonary circulation. Hence tracer dilution estimates of lung water 

would he expected to give a lesser value than gravimetric estimates including the 

tracheobronchial tree. To adjust for this, we measured the gravimetric extravascular water 

contents in the post mortem lungs both including and excJuding the extrapulmonary 

bronehial tree, and compared these to dilutional estimates of the extravascular lung water. 

Vaseular space tracers for the cellular and plasma phases of blood, [51Cr]erythrocytes and 

[l2SI]albumin, were injected simultaneously with the other tracers. \Vith the use of this set 
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of tracers, il became possible to measure simultaneously the effeel of the change in cardiac 

output on: the central blood volume, which inc1udes the pulmonary vascular volume; the 

proportion of extravasculGr lung water that is accessible from the vascular space and which 

reflects the proportion of lung tissue perfused; and the extraction and calculated 

penneability-surface area (PS) product for norepinephrine. 

MATERIALS AND METIIODS 

Animal preparation. Nine healthy mongrel dogs (mean weight 28.8 ± 3.4 kg) were 

studied. After being traîned 10 perform on the treadmill. tbey were prepared under general 

anesthesia. Induction was canied out by the use of 6 mg/kg pentobarbital (Abbot 

Laboratories, Montreal, Canada), and anesthesia was maintained with halothane (Ayerst 

Laboratorie~, Montreal, Canada) while the animal was mechanically ventilated by use of a 

respiratory pump (Harvard Apparatus, Milis, MS, U.S.A.) with a gas mixture containing 

oxygen and nitrous 0xide. A right paramedial cervical incision was performed and the right 

internai jugular vein as weil a~ the right internai carotid artery were dissected and isolated. 

Permanent cannulas (modified stomach tubes, Argyle, St Louis, MD, U.S.A.) were then 

inserted through a sJllall incision in both vessels and, under fluoroscopic guidance with the 

help of vascular contrast medium (MD-76, Mallinckrodt. Pointe Claire, QC, Canada), the 

tip of the arterial cannula was positioned 2 cm above the aortic valve, while the venous 

cannula was secured in the right atrium. Subcutaneous tunnels were then constructed from 

the incision to the back of the neck, where two small incisions permitted the exit of the 

cannulae. The dogs were allowed a minimum of one week to recover from surgery, while 

patency of the cannulae was assessed every day. To prevent clotting and 

thromboembolism, the animais received subcutaneous injections ofheparin (Leo 

Laboratories, Pickering, Ontario, Canada), 8000 units twice a day, and the cannulae were 

flushed with heparin every day. 
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On the day of the experiment, the animal was positioned on the treadmill and a 

balloon tipped catheter (Edwards Laboratories, Santa Anna, CA, U.S.A.) was introduced 

through the venous cannula and advanced to the pulmonary artery, its final position being 

guided by pressure tracings (Gould Recorder 2400S, Clev~land, OH, U.S.A.). The 

arterial cannula was connected to a peristaltic pump (Cole Palmer, ChIcago, IL, U.S.A.), 

which in tum led to a circular sample collector containing borosilicate tubes. Blood 

samples were withdrawn from the arterial cannula and from the pulmonary artery for blood 

gas analysis. A Fust multiple indicator dilution study was then carried out. With the dog at 

rest, a radioactive bolus containing the tracers to be studied was introduced into the venous 

cannula and rapidly flushed into the circulation with 10 ml ofblood. Simultaneously, the 

sampling pump (3 mVsec) and collecting rack (3 tubes/sec) were started, and samples were 

collected over a period of 15 to 20 seconds. The protocol was then repeated, for the two 

studies carried out during cxercise. The treadmill was started at a speed of two miles per 

hour and every 3 minutes the slope was increased by 100. The experimental run was 

repeated at the completion of six minutes (Level A) and of 15 minutes (Level B) of 

exercise. 

Igjection mixture. We prepared 8 ml of injection mixture for each animal. It 

contained [SlCr]labeled erythrocytes and 60 J.LCi of [125l]albumin (NEN, Boston, MA, 

U.S.A.), two tracers that remain in the intravascular space and do not cross the capillary 

barrier. Additiona1ly, 100 J.1Ci of [l4C]1,8-octanediol (2.94 mCilmMol, NEN, Boston, 

MA, U.S.A.) was added to serve as a water space tracer (its mean transit time is identical to 

that of labeled water [9]). The octanediol, because of its essentially nonvolatile nature, is 

virtually excluded frorn the alveolar space. Cua et al. (9) have interpreted differenœs in the 

outflow curves for labeled water and octanediol to indicate the presence of a diffusional 

shunt of the labeled water through the vapor phase in the alveolar space (its mass is tiny, of 

course, in comparison with tissue water), leading to a small early precession and delayed 

downslope of the labeled water with respect to the octanediol. The injection mixture was 
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adjusted to match the venous hematocrit of the dog, and was separated into three parts, for 

later injection. Just prior to injection, 10 runol of PHJnorepinephrine (40-60 Ci/nmol, 

NEN, Boston, MA, U.S.A.) was added to the injection mixture; with this, no significant 

erythrocytic uptake of labeled norepinephrine occurred. Aliquots of 50 Jll of the injection 

mixture were diluted with 950 Jll of blood. to be counted later and serve as a standard of 

reference for the detennination of the quantity of tracers injected. The radioactivity retained 

in the venous cannula was detennined after each bolus injection by aspirating the cannula 

and assaying an aliquot, and this was subtracted from the total injected. 

Sample collection and preparation. The sample collector was filled with ice, to cool 

the collecting tubes and sarnples, and each collecting tube contained 20 Jll of catecholamine 

preservatives (0.25 M EGTA and 0.2 M gJutathione). To prevent erythrocytic 

pH]norepinephrine uptake (3) in the samples, 1.0 nmol of unlabeled norepinephrine 

(Aldrich Chemical Co., Milwaukee, Wisconsin, U.S.A.) was added 10 each sample tube 

prior to blJOd collection. Immediately after each experiment, a 100 Jll aliquot was taken 

from each sample and placed in a new tube for processing; 300 Jll of normal NaCI, 400 J.LI 

of 0.25M zinc sulfate and 400 Jll of 0.2M barium hydroxide were added, and the tubes 

were centrifuged at l000g for 10 minutes. An aliquot of 300 Jll of supematant v, as added 

to 10 ml of a scintillation cocktail, and the samples and standards were assayed in a beta 

counter. Another aliquot of 200 Jll was removed and passed through a column of Bio Rex 

70 cation exchange resin (Bio Rad Laboratories, Richmond, CA, U.S.A.), which resolves 

norepinephrine and its metabolites (16). Deaminated product was eluted from the columns 

with 3 ml of water, unchanged norepinephrine with 3 ml of 2% borate, and O-rnethylated 

products were removed with 3 ml of 0.2 M Hel solution. A 1 ml aliquot from each elution 

was added to 10 ml of a scintillation cocktail, for assay of heta activity. The tubes with the 

precipitated pellets were then assayed for gamma activity. 

Plasma catecholamines. Prior to injection of the radioactive mixture, 5 ml aliquots 

of blood were simultaneously drawn from the pulmonary artery (Swan Ganz catheter) and 
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the arterial cannula, and were collected in precooled glass tubes containing 120 J.LL of 

EGTA /reduced glutathione solution (Upjohn). The tubes were immediately centrifuged at 

1000 g for 5 min, and the plasma was removed and stored at -200c. The samples were 

later thawed and analyzed for plasma norepinephrine and epinephrine levels, using liquid 

chromatography with electrochemical detection (16). The liquid chromatographie apparatus 

consisted of a Waters plasma catecholamine column (CI8, 5~, 15 cm), a Waters high 

perfonnance liquid chromatographie pump, a Waters 460 electrochemical detector with a 

glassy carbon electrode, a 100 ml pressure-lock syringe (Precision Sampling Corp.), and a 

Waters 740 data module. The chromatographie mobile phase was prepared as follows: 50 

mmol sodium acetate, 20 mmol citric acid. 3.75 mmol sodium l-octane-sulfonate, 1.0 

mmol di-n-butylamine and 0.135 mmol sodium EDTA were dissolved in 1.0 liter of 

disti1led water)methanol (95:5, v/v), with a final pH of 4.3. To 1.5 ml of thawed plasma 

was added 51> J1l of internal standard (10 mg/ml dihydroxybutylamine), 10 mg of alufTlina, 

and 400 J.11 of 2M Tris/EDTA (20 gIl, pH 8.7). The samples we~ shaken, to promote 

contact of the solution with the alumina, and to facilitate absorption of the catecholamines 

by the alumina. The plasma was then removed and the alumma was washed (with 0.2% 

TrislEDT A, pH 8.1), to remove unwanted plasma residues. An acidic solution was added 

000 J.LL of the following: 100 J..Ù of acetic acid, 50 ~ of 10% sodium disulfite and 50 ~l 

of 5% EDTA diluted 10 10 ml with deionized water) to desorb the catecholamines from the 

alumina 20 ~ of the resulting sample was then filtered and injected onto the reverse phase 

C18 column. The mobile phase was pumped at 0.9 mUmin; and the electrochemical 

detector was set at a potential of +0.65 volts. Catecholamine concentrations were then 

calculated, from the chromatographie recovery of identified peaks and the recovery of the 

internal standard. 

Bulk pulmonary norepinephrine extraction (Ext) was calculated as follows, 

Ext = (NEpa - NEao)INEpa 
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where NEpa and NEao represent norepinephrine concentrations, mixed venous upstream, in 

pulmonary artery, and downstream, in aorta, from the lungs. 

Grayimetric measurements. At the conclusion of each experiment. the animal was 

sacrificed and the lungs were removed together with the trachea, by resecting it two rings 

helow the cricoid cartilage. The trancheobranchial tree is vascularized by the bronchial 

artery, and its water space is consequently not accessible to tracers entering the pulmonary 

circulation. To allow for this, and to measure the extent of this phenomenon, we carried 

out in vitro measurements of the extravascular lung water. including and excluding the 

extrapulmonary branchial tree. The extrapulmonary branchial tree was dissected as closely 

as possible to the lung parenchyma and was removed. The lung parenchyma and the 

extrapulmonary bronchial tree were then weighed separately. The parenchyma was 

homogenized in a blender, with the addition of a known quantity (usually 500 ml) of water, 

and the total volume of the homogenate was noted. A 1 ml aliquot of homogenate was 

removed and retained. [51Cr]erythrocytes were counted in this sample as well as in 1 ml of 

mixed venous blood drawn just prior ta the sacrifice. A sample of 10 ml of homogenate 

and the removed extrapulmonary bronchial tree were dried and the dry weights were noted. 

The gravimetric extravascular lung water was then estimated. The problem which 

presents is how to correct values obtained from the lung tissue. for the containf'.t1 vascular 

content. At the time of removal, the labeled red cells will still he confmed to the circulation, 

whereas sorne of the labeled albumin will have left the circulation and will be in the 

interstitial space. We therefore were able to use only the labeled red cells as a guide ta the 

vascular \'olurne. The vascular volume (VL V) trapped in the lung at the tinte of removal, 

approached from this point of view, is given by the following equation, 

VL V = Hyol(llcpnIBcpm) 

where Hcpm and Bcpm represent the 51Cr activity in a 1 ml aliquot ofhomogenate and blood. 

and Hvol is the homogenate volume, in ml. The water content of plasma is 0.94 ml/ml, and 

that of the 1l"..d cell is 0.70 ml/ml. Thus, if we assume that the hematocrit of the pulmonary 
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vessels is equal to the venous hematocrit (the assumption is not quite correct. but will be 

used, for now), we can calculate the vascular lung water (VLW) in g from the vascular 

lung volume and the hematocrit (Het) by use of the following relation, 

VLW = VLV [0.70 Het + 0.94 (1 - Het)] 

The dry lung weight excluding the extrapulmonary bronchial tree CWgtœ.y, in g) was 

then calculated from the total volume of the homogenate and the dry weight (Almy in g). of 

the 10 ml aliquot, by use of the relation, 

Wgfœy = Hyol (Alœy'1O ml) 

From the wet weight of the lung without the extraparenehymai bronehial tree. W gt. and the 

corresponding dry lung weight, Wgtœ.y , the totallung water, 1LW, ean bt:. estimated from 

the relation 

1LW = Wgt- Wgtœ.y 

The corresponding gravimetric estimate of extravascular lung water (EVL W g) is 

EVLW g = 1LW - VLW 

The dissected extraparenchymal bronchial tree was weigheil and dried. but not 

homogenized. Its water content was estimated from the difference between its wet and dry 

weights. The extravascular lung water content of the specimen as a whole was 

approxirnated by adding this to the extravascular lung water detennined previously. We 

have implicitly neglected the small vascular volume of the extrapulmonary bronchial tree. in 

doing this. 

Qxy~en consumption. The hematocrit was detennined by use of a microcapillary 

method and was corrected for trapped plasma. Since the normal mean hemoglobin 

concentration of canine red blood cells is 33 g/lOO ml of red cells, the hemoglobin 

concentration of the blood (Hgb, in g/IOO ml) is, 
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Hgb = 33 x Hct .. (7 ) 

Since the maximal oxygen content carried by hemoglobin is 1.39 mVg. we calculated the 

arterial and venous oxygen content from the oxygen saturation (02sat) of the blood, 
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~ content = 1.39Hgb (02sat) 

where the rneasured values for oxygen saturation in the arterial or venous blood are 

utilized. We then calcu!ated total body oxygen consumption (V~ as the product of blood 

flow (Fb, in roUmin) and the difference between the anerial (CaCh) and mixed venous 

(Cv(h) oxygen contents (in mUml), 

V~= Fb (Ca02-Cv{h) 

This was then nonnalized for body weight, by dividing by the individual body weights of 

the dogs. 

Use of tracer curves to estimate flow. mean transit times. and central bJood volume. 

In order to provide a basis for comparison among the group, the total amount of each 

malerial injected was defined as 1 unit. The outflow concentration of each tracer is then 

automaticaily defined as its outflow fraction al recovery per ml of blood; the relative 

behaviour of the tracers can then be appraised when the fractional recovery values are 

plott.ed as a function o~ time. To correct for recirculation, the dilution curves were plotted 

on a .semilogarithmic scale, and the downslopes wen: extrapolated in a linear extrapolation 

fashion, after the cJassical manner of Hamilton (24). Blood flow (Fb) was calcuJated by 

use of the conservation relation, 

Fb = l'I: C(t) dt 

where C(t) is an outflow fraction al recovery-time curve, and the integral in the denominator 

on the right hand side of the equation is the area under the fractionaJ recovery curve for any 

tracer completely recovered al the outflow. We have used the area under the fractional 

recovery curve of the [51Cr]erythrocytes, for this calculation. 

The mean transit tim,eJ!or each tra) cer was calculated by use of the relation, 

t C(t) dt 
Mean transit time = 0 - ica 

\ J; C(t) dt 
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where ice is the mean transit time through the catheters of the injection and collection 

system. 

The central blood volume (CSV) was calculated as the sum of the spaces accr-ssible 

to the two vascular tracers. J~beled red cells and albumin, 

CBV = Fb Hct tRBC + Fb(l-Hct) tAlb 

where iRBC and tAlb are the transit times of labeled red cells and labeled albumin. 

Dilutiooal estimatcs of eXtrayascular water space. The volume which is ordinarily 

measured is a water volume. TIle flow used to measure it must therefore be a water flow, 

and the vascular reference must he a vascular water reference (17). If we define 

Fb. Fr, and Fp as the flows of blood. red blood cells and plasma respectively, 

Fw as the f10w of water, and 

fr and fp as fraction al volumes of water in red blood cells and plasma (ml water/ml 

red cells or plasma), then 

Fr =Hct 1\ 

Fp = (l-Het) Fb. and 

Fw = Frfr + Fpfp 

The last equation provides the appropriate relation for the calculation of blood water flow. 

Similarly. the referenee vascular transit time appmpriate for calculating a water 

volume is the weighted transit time which the water wou Id have if it did not cross the 

capillary barrier, iw rer. It is calculated by use of the expression 

The extravascular lung water, calculated from the indicator dilutional data, then becomes, 

EVL W = Fw (Ïoct- tw ref) 

where foct is the mean transit time of octanediol, and this is being used as the guide for 

space of distribution of tissue water. This is the value which usually has becn caJculated 
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from indicator dil ution data (17-19), and it is the value which corresponds to the accessible 

ex travascular lung water. 

In the present study, a part of the object of the study is to compare the tissue water 

accessible to tracer to that determinec\ gravimetrically, in the same animals, and to both gain 

insight into the manner in which tissue space becomes accessible as the pulmonary blood 

flow increases, and the proportion of the gravimetric space which is accessible to tracer at 

maximal flows. In order to cany out the comparison, the calculated basis for the 

comparison needs to he the same. Since. in developing the methodology for the 

gravirnetric estirnates oflung water, we were able to use only the labeled red cell 

component of the vascular space as the basis for the calculation of the included vascular 

volume, we need, for the purposes of comparing the dilutional estimate to this, to correct 

the calculated gravimetric extravascular lung water estimate by adding to it the water content 

of the extra plasma space not seen by the l'Cd blood cell tracer. Red blood cell-albumin 

label separation occurs in the small vessels, especially the capillaries (2), rather than in the 

large vessels, and results in different transit times for labeled red cells and albumin. These 

were used previously by Goresky et al (17) to quantitate the extra plasma space (EPS) 

accessible to labeled album in, in excess of that available to the labeled red blood cells, laS 

follows 
- -

EPS = Fb (l-Hct) (t.lb - tROC) 

The extra plasma space was found (17) to increase linearly with blood flow, and to have an 

ordinate intercept, EPSinto on least squares linear regression. This value represents the zero 

flow extra plasma space. Its water content, 0.94 EPSintt represents the probable error in 

our calculation of the gravirnetric extravascular lung water content, attributable to plasma 

trapped in the lungs in excess of the Iabeled red cells. We have therefore corrected our 

gravimetric extravascular lung water estimate, EVLW" by substracting from it 0.94 

EPSint. 
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Permeability surface Product crS) for tracer norepinepbàne. Assuming that. early 

in time, the outflow prome for norepinephrine consists only of throughput malerial that ha.. ... 

not been extracted by the vascular endothelium, we cao say that the fraction of plasma 

norepinephrine reaching the outflow as a throughput (1) will he exp (-PS/Fp) times what 

would have reached the outflow if it had not been extracted (the simultaneously injected 

vascular reference provides the expected outflow pattern); Fp is plasma flow (the tracer 

norepinephrine is confined to the plasma phase of blood, in the injectate, and during the 

experiment). The approach represents an application of the Crone approximation, 

developed for the quantitation of the hehaviour of diffusible tracers (10), to the extractable 

tracer, norepinephrine; it is ordinarily best used to quantitate the behaviour of poorly to 

moderately extracted materials, for which retum of tracer to the circulation is much 

diminislted. With this defmition in hand, the permeability surface (PS) product for 

norepinephrine was calculated by the use of the expression, 

PS = -Fp In(Surv) 

where ln is the naturallogarithm, and Surv is the cumulative relative survival of tracer 

norepinephrine up to the peak of the dilution curve, in relation to its appropriate rderence, 

labeled albumin. The definition for Snrv is, then, 
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Surv = f:* NE(t) dt! I:* Alb(t) dt ... (20) 

where NE(t) and Alb(t) represent the fractional recoveries of labeled norepinephrine and 

labeled albumin, as a function of time. 

Statistical and mode1in~ analysis. Values are reported as means ± standard 

deviations, unless indicated otherwise. Plasma catecholamine levels at rest and at the two 

levels of exercise were compared by a two tailed Student's t-test. Bulk and tracer dilutional 

norepinephrine extractions were also compared by a two tailed Student's t-test. Statistical 

significance was accepted at the p < 0.05 level. The pattern of change of the dilutional 
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estimates of the extravascuJar Jung water with flow was fitted to a set of saturating profiles 

by the simplex a1gorithm method . 

RESULTS 

Foon of the dilution data. A typical set of dilution curves, obtained from the three tracer 

dilution studies in one of the animais (exp #4) is shown in Figure 1. To demonstr2te 

clearly the impact of increasing blood flow on the areas under the curves and on 

recirculation, a rectilinear ordinate is utilized, together with an identicallinear abscissal time 

scale. for the three panels. With the change from test to flI'St level, and then second level 

exercise, the appearance time of the tracers is seen to decrease, the areas under the reference 

dilution curves become smaller, and recirculation occurs earlier. The primary recirculation 

profiles are a1so evident in the lower two panels. As expected, the recirculation peak for 

the [14C)l,8-octanedi01 is much reduced, since this water space tracer distributes into tissue 

from the systemic capillaries fairly freely. The much lower recirculation of labeled 

norepinephrine in comparison to labeled aIbumin reflects the expected systemic extraction 

of this tracer (27). The experirnent carried out at rest exemplifies the relationship between 

the tracers in a set of outflow curves. The outflow fraction/ml for red cells is highest in the 

first samples; it reaches the highest and earHest peak, and decays most quickly. The values 

for the albUOlin label are slightly lower on the upslope; its peak is slightJy lower and later, 

and its downs]ope decays slightly less quickly. The values for the labeled octanediol are 

most displaced from those for the red blood cells; the upstroke of the curve rises least 

quickly, the peak is delayed and located approximateJy on the downslope of the red cell 

label curve, and the downslope of the corve faIls least precipitously. The labeled 

norepinephrine curve needs to be examined in comparison with the labeled albumin curve, 

which serves as the vascular reference for the estimation of cumulative norepinephrine 

survival. The difference between the area ofthese two tracers represents the extraction of 

norepinephrine. that is, (l-Surv). On the downslope of the curves, on a semilogarithmic 
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FIGURE 1. Typieal set of dilution curves obtained from an awake dog at rest, and al two 

successive levels of exercise (levels A and B). The abscis:ral time seales were kept identieal for the 

three graphs. to show the effeet of increasing blood flow on the general appearanee of the eurves. 
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representation, the descending limb of the tracer norepinephrine curve approaches the 

albumin curve, suggesting late return of tracer to the circulation. The overall tracer 

norepinephrine extraction was low, however, and, at the same time, plots of extraction as a 

function of time (figure 2) and plots of the logarithm of norepinephrine survival as a 

function of time were less smooth than usually expected (the dose of labeled 

norepinephrine was deliberately kept low, to avoid phannacologic effects). There were no 

detectable deaminated or O-methylated norepinephrine products in the lung effluent of any 

of the animaIs studied over the period of sample collection, suggesting that, early in time, 

there was no liberation of norepinephrine metabolites from the vascular endothelium to the 

circulation. With these problems, we elected to tteat the data relatively simply, to quantitate 

norepinephrine extraction from appearance to peak, and to use these data, for penneability 

surface area product estimates, over a region where we can confidendy say that the 

conditions for its application (10) are met Mean tracer norepinephrine extraction, 

calculated over this region for the whole group, did not change significantly from rest to 

fust and second levels of exercise; values (mean ± SD) were 17.4 ± 6.8%, 13.9 ± 4.1 % 

and 15.5 ± 4.0% respectively. The numerical parame~rs derived from the individual 

multiple indicator dilution experiments for this and other characteristic experimental 

parameters are assembled in Table 1. 

Mixed venous and aortic plasma norepinephrine levels increased significandy with 

exercise (Table 2). Aortic norepinephrine levels were significantly lower than mixed 

venous levels at rest, and tended to he lower through two successive levels of exercise. 

Bulk norepinephrine extractions did not vary with exercise and were not different from 

dilutional extractions. There was no significant variation in the extraction of 

norepinephrine between runs even though levels increased with exercise. 

, 
1 
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TABLE 1. Nwnerical values of individual parameters calculatedfrom the indicator dilution curves in awake dogs, ar resr, and ar two increasing 

levels of exercise. 

- - - - -Exp. Exercise Body Lung Blood tnx: ta)b foct tne twref Tracer Norepi-
no. level weight weight flow norepi- nephrine 

kg g m1/sec sec sec sec sec sec nephrine PS 

extraction ml/sec 

1 rest 33 287 92 5.01 5.83 7.33 6.15 5.51 0.31 33 

A 236 3.35 3.65 4.39 3.72 3.53 0.15 37 
B 457 1.17 1.59 1.86 1.63 1.43 0.16 80 

2 rest 33 264 126 2.41 2.54 3.60 2.56 2.48 0.24 35 

A 263 1.57 1.77 2.38 1.79 1.68 0.19 54 
B 378 1.50 1.70 2.11 1.70 1.61 0.18 76 

3 rest 30 262 100 3.76 4.20 5.33 4.25 4.03 0.17 19 

A 196 1.79 2.14 2.79 2.19 2.00 0.15 31 

B 372 1.15 1.45 1.90 1.56 1.33 0.19 77 
4 rest 29 196 81 4.45 4.72 5.41 4.70 4.61 0.14 12 

A 144 2.47 2.73 3.40 2.74 2.71 0.15 23 

B 269 1.51 1.92 2.18 1.96 1.75 0.18 55 

5 rest 26 172 64 4.11 4.48 5.61 4.54 4.31 0.18 13 

A 158 2.37 2.62 3.20 2.64 2.51 0.17 29 

B 241 1.90 2.15 2.50 2.09 2.03 0.15 39 

6 rest 25 170 59 5.52 5.71 6.39 5.74 5.64 0.08 5 

A 166 2.48 2.73 3.30 2.72 2.64 0.08 13 

B 143 2.90 3.15 3.70 3.23 3.06 0.17 26 
(contd) c,.a 

c,.a 
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(Table 1. contd.) 

7 rest 24 227 38 6.02 6.54 8.04 6.53 6.40 0.16 7 
A 107 3.61 4.01 4.90 4.07 3.90 0.10 11 

B 95 3.26 3.72 4.76 3.80 3.60 0.18 19 

8 rest 28 253 86 6.21 6.67 7.90 6.72 6.53 0.10 9 
A 173 2.90 3.18 3.90 3.20 3.10 0.10 17 

B 307 1.82 2.05 2.45 2.06 1.98 0.09 30 

9 rest 32 206 79 4.36 4.87 5.82 4.92 4.69 0.18 16 
A 184 3.45 3.78 4.40 3.82 3.68 0.19 38 

B 272 2.84 3.12 3.45 3.14 3.01 0.08 23 

trbc. talb. Ïoct> tne and twrer represent the mean transit times of the red blood ceUs. albumin, octanediol. norepinephrine and the intravascular water 

reference respectively. PS = penneability surface area product for tracer norepinephrine. Lung weight = total wet lung weight including the 

extrapulmonary bronchial tree. 
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TABLE 2. Plasma levels of mixed venous and aonic catecholamines. and comparison of bulk 

and dilutional lung norepinephrine extraction. 

Rest Level A Level B 

Norepinephrine (nM) 

mixed venous 2.45 ± 0.46 4.05 ± 0.58 8.74 ± 1.15** 

aortic 2.10 ± 0.44 3.54 ± 0.48* 7.98 ± 1.08** 

p= 0.023 0.065 0.053 

Norepinephrine extraction (%) 

bulk 13.7 ± 2.31 10.3 ± 3.08 8.8 ± 2.31 

dilution al 17.3 ± 1.15 14.2 ± 0.77 15.3 ± 0.77 

p= 0.472 0.492 0.124 

Epinephrine (nM) 

mixed venous 0.90 ± 0.08 1.19 ± 0.12 3.95 ± 0.98 

aortic 0.96 ± 0.10 1.41 ± 0.19 4.25 ± 1.04 

p= 0.152 0.214 0.167 

* = p<O.05 and ** = p<Ü.Ol vs rest. p values for differences between mixed venous and aortic 
norepinephrine and epinephrine Ievels, and between bulk and dilutional extractions are indicated. 

Values presented are mean ± SE. 



Oxy~n consumptjon. The oxygen consumption (V02), expressed in proportion ta 

body weight, is shown in Figure 3 The VÛ2 increases linearly as blood fla\\' increases; the 

least mean squares regression line fitted through the data is 

V02 = 50.2 Fb - 9.56; r = 0.956 

where Fb is the cardiac output, or pulmonary blood flow. Note that the points assemble 

themselves into three groups, corresponding to the three regions of study. 

yascular label seParation and the extra "lasma space. When mean transit limes of 

labeled albumin and red blood ceUs are plotted (Figure 4), a Hnear relation is found. 

tAlb = 1.047 tRBC + 0.193; R = 0.996. 

Values deviate from the regression line only at the highest flows. The deviation suggests 

that, in the high flow regime, red ceUs become shaped into profiles more closely centered 

on capillary center Hnes, allowing proportionately higher plasma bypass. The relation 

between tAItltRBC and tRBC is shown in the lower panel; this demonstrates the relative 

increase in the red ceU-plasma label separation at the highest flows (low tRBc). The line 

through this plot was the image of the Hnear regression fitted to the upper panel. 

The extra plasma space, calculated with equation (18), was found to increase 

linearly with blood flow (Figure 5). The least mean squares regression line through the 

data is 

EPS = 0.125 Fb + 0.0364; r = 0.81. 

The product of the ordinate intercept value (0.036 ml plasma/g lung) and the water content 

of plasma (0.94 mUml), is 0.034 ml water tg lung. This is the water content of the 

intercept or zero flow value for the extra plasma space, and it is the value which we have 

inferred is needed to correct the gravimetric estimates of extravascular lung water obtained 

by using the labeled red blood ceUs as a vascular tracer. This value was subtracted from 

the value obtained from the difference between total and vascular (based on red cell transIt 

lime) space water, to yield a corrected value for gravimetric extravascular lung water. 
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FIGURE 3. Variation of oxygen consumption as a function of blood flow in the awake dogs, at 

rest, and at two increasing levels of exercise. Note that the points separate into three groups, 

corresponding to the three parts of the experiment. 
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Extrayasçular lun~ water*. In Figure 6, dilutional tracer estimates of extravascular 

lung water are expressed as a proportion of the extravascular wet lung weight (P), and are 

plotted as a function of blood flow, the latter being expressed in tenns of wet lung weight. 

In the upper panel of the figure, the extrapulmonary bronchial tree is included in the two 

estimates, whereas in the lower panel, it is excluded. In both cases, the estimated 

extravascular lung water increases with blood flow and rapidly approaches a maximal 

asymptotic value. The data points were fitted by use of a simplex method to a rising 

exponential (solid line) and rectangular hyperbola (dotted line) and the least squares method 

was used to provide a criterion for goodness of fit. Both curves gave a similar quality of fit 

and the loci corresponded closely, over the range of the data. The maximal asymptotic 

value for the proportion al water space was higher with the hyperbolic than the exponential 

fit (Table 3). This occurred because the hyperbolic fit extrapolated, above the range of the 

observations, to maximal values higher than any of those recorded in the upper 

experimental range of cardiac outputs. 

The expression that provided the best fit to the data, when the extrapulmonary 

bronchial tree was included, was, in the rising exponential case, 

EVLW = 0.639 (1-exp-3.12Fb) 

In this expression, the frrst numerical parameter is an asymptotic maximal or EVL W max 

value, and the second, an exponential constant with dimensions reciprocal to those of Fb' 

In the case of the rectangular hyperbola, the best fit expression was 
EVLW = 0.769 Fb 

Fb + 0.274 

where the numerical parameter in the numerator is an asymptotic EVLWmax , and that in the 

denominator is the value for Fb which corresponds to an EVLW value which is half the 

asymptote. 

* Reference is oftcn made to the extravascular lung watcr. Unless spccificd othcrwise, the aulhor is rcfcrring 

lo the dilutional tracer accessible extravascular lung watcr. 
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TABLE 3. Parameters of the best jiuing equariolls for ,Ile measuremenr of ,Ile 

cxtravascular Jung warer. 

Extrapulmonary bronchial uee 

Included Exduded 

Exp Hyp Exp Hyp 

EV LWmax 0.639 0.769 0.750 0.899 

SSr 0.159 0.157 0.194 0.192 

SD 0.276 0.276 0.317 0.316 

Rmax 0.871 1.042 1.0* 1.0* 

SSr 0.293 0.290 0.335 0.419 

SD 0.373 0.372 0.409 0.370 

Exp = rising exponential; lIyp = recranguler hyperbola; Pma" = maximal 

asyrnptotic value for the extrava!;cular lung water expres!;ed as a proportion of the 

extrava!;culur weight Jung weight; Rmax = maximal asymptotic proportion of the 

cxtl1lvascular Jung watcr that is accessible from the vascular space; SSr = slim of 

the s(Juared residuals providing Ihe beSl fit; SD = standard deviation of the 

experimentaJ poinls from the fiued funclion. *Rmax value was sel 10 1 and il one 

parmneter fil was pcrfonned . 



( 

( 

When the gravimetric estimate exc1uded the extrapulmonary bronchial tree, the least 

squares best fit to the rising exponential pattern was 

EVLW = 0.750 (l-exp-2.69Fb) 

and that to the rectangular hyperbola was 
EVLW = 0.889 Fb 

Fb + 0.314 

The measured gravimetric water content of the lungs was 0.76 g/g when the 

extrapulmonary bronchial tree was included, and 0.80 g/g when this was excluded. The 

apparent maximal asymptotic water content EVLW mu estimated with the rectangular 

hyperbolic pattern appears too high (the asymptotic values were higher than any of the 

observed values); the rising exponential, on the other hand, extrapolates through the upper 

range of the data to a maximal value corresponding reasonably closely to the data. Of the 

two exponential fit maximal values for the water content (0.639 with, and 0.750 without 

the extrapulmonary bronchial tree), the latter approaches the lung water content more 

closely. 

The data demonstrate that, over the range of cardiac outputs observed, the dilutional 

estimates of the extravascular lung water underestimate the gravimetric water content, when 

the extrapulmonary bronchial tree is included in the gravimetric data. The findings also 

indicate that dilutional estimates of extravascular lung water approach the gravimetric water 

content, at high flow values. 

To carry the data analysis further, to rneasure the proportion of the extravascular 

lung water accessible from the vascular space, we calculated the ratio R of dilutional to 

gravimetric extravascular lung water (the latter corrected for the zero flow extra plasma 

water space) and plotted the ratio as a function of blood flow (Figure 7). The proportion of 

the lung water accessible increases with flow and rapidly apiJroaches a maximal asymptotic 

value. The best fit through the data points, when the extrapulmomu)' bronchial tree was 

included in the gravimetric estimate, was, with the rising exponential pattern 
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plotted in relation to blood flow (see legend for Figure 5 for an explanation of the graphs). 
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( R = 0.871 (l-exp-3.t7Fb), 

and with the rectangular hyperbola pattern, 
R = 1.042 Fb 

Fb +0.310 

None of the experimental values approached the value of unity, they were aIl substantially 

lower. 

When the extrapulmonary bronchial tree was excluded, the ratio data points were 

found to increase with flow and rapidly approach values around 1 at high flows. We 

consequently set the maximal value in the fitted patterns 10 1 and carried out a one 

parameter fit. The best fit rising exponential pattern was 

R = l-exp-2.70Fb 

and the best fit rectangular hyperbola was 
R= Fb 

Fb + 0.155 

The one parameter fit demonstrates that the rising exponential provides a more systematic 

fit to the sense of the data than does the rising hyperbola. The exponential fit conforms to 

the data in the lower flow range, whereas the other does nt"'t. The data demonstrate that 

high flow tracer estimates of lung water correspond closely to the gravimetric estimates of 

lung water when the extrapulmonary bronchial tree is excluded from consideration (for the 

exponential fit, the asymptotic maximum would have been 0.99) and it may be inferred that 

the appropriate gravimetric frame of reference for this kind of study is the parenchymal 

Jung tissue, with the extrapulmonary bronchial tree excluded. 

A different way of visualizing the changes in the extravascular lung water is shown 

in Figure 8. The difference between the mean transit time of octanediol and the 

intravascular water reference (Table 1) is plotted as a function of blood water flow. The 

data points shift from a lower to a higher isovolumetric line as blood water flow increases. 

The change provides another way of seeing the recruitment of tissue water space at 

intennediate flows, and the approach to an asymptotic maximum, at higher flows. 
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FIGURE 8. Extravascular lung water-transit lime relations. The difference between the mean 

transit time of octanediol (a water reference) and the composite intravascular water reference is 

plotted as a function of blood water flow. The dashed lines represent isovolumetric Bnes of 0.4, 

0.8, and 1.2 ml of water per gram of extravascular lung weight. The data points shift from a lower 

to a higher isovolume line as blood flow increases . 
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Central blood volume. The centraI blood volume (CBV), caicuJated by use of 

equation (I2), increases as blood flow (Fb) increases (Figure 9), according to the following 

fttted mean squares regression, 

CBV = 0.895 Fb + 1.508; r = 0.621 

The central blood volume continues to increase across the wh"le range of flows. The 

variations in central bJood volume with exercise can also he visualized by plotting the mean 

transit time corresponding ta the central blood volume against blood flow. In contrast to 

the plot corresponding to the tracer accessible extravascular lung water, which rapid1y 

approaches an isovolume line corresponding ta a maximal value at moderate levels of 

exercise, the plot corresponding to the central blood volume continues to cross isovolume 

lines, over the whole range of blood flows, including the higher values. 

The pconeabi1ity surface product for tracer norepinephrine. The permeability 

surface (PS) product for tracer norepinephrine increases with blood flow (Figure 10) 

according to the regression line, 

PS = 0.166 Fb + 0.002; r = 0.729 

The permeability surface product for norepinephrine and consequently the pulmonary 

capillary surface, if the norepinephrine permeability remaios constant, can he inferred to 

increase with the increase in blood flow with exercise, and the increase continues not only 

over the range of flows across which lung tissue is recruited but also over the range of 

flows across which the accessible lung water bas increased to its asymptotic maximum. 
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DISCUSSION 

In the present work, we have examined the effect of exercise on tracer accessible 

extravascular lung water, the central blood volume and the pulmonary penneability surface 

area product for tracer norepinephrine in awake mongrel dogs. 

Extravascular lune water. The extravascular lung water is constituted by the water 

contained in the endothelial cells, the interstitial space, and the alveolar septal cells. A 

water space tracer Oaheled octanediol) having access to the above structures will thereforr 

serve as an indicator of the amount of lung tissue heing perfused. With exercise the 

extravascular lung water measured by the indicator dilution technique increased nonlinearly 

and rapidly approached a maximal asymptotic value representing 0.75 of the wet lung 

weight. The ratio of dilutional to gravimetric estimates of lung water, which corresponds 

to the proportion of the lung parenchyma perfused, also increased in a similar manner and 

rapidly approached an asymptotic value of close to l, when the exU'apulmonary bronchial 

ttee was not included in the specimen. 

The overall pattern of variation of the tracer accessible lung water with flow was 

previously weIl documented by Goresky et al (17-18) in exercising dogs. In these studies 

a discrepancy of 0.15 was found between the ratio of asymptotic tracer and gravimetric 

estimates of extravascular lung warer over the observed range of cardiac outputs, the tracer 

studies providing an estimate which was too low. The gap was attributed 10 the water 

space in large airways, perfused by the bronchial artery, and consequently not acces~lble to 

tracer injected into the pulmonary circulation. Our measurements of EVL W max by the 

rising exponential, with and without the extrapulmonary bronchial tree, show a change of 

the order of 0.11; virtually all of the difference originally found by Goresky et al can 

therefore be attributed ta the extrapulmonary bronchial tree. When the extrapuIrnonary 

bronchial tree is excluded, there is no longer any clear difference between the dilutional and 

gravimetric values. The results also indicate that virtually all of the lung watet (or lung 

50 



:( tissue) is accessible from the vascular space at moderate blood flows (0.80 mllsec/g) and 

that no further tissue recruitment occurs, with higher levels of blood flow. 

Central blood volume. The central blood volume measured in this study is the 

cardiopuIrnonary blood volume from the right atrium to the mot of the aoTta The 

pulmonary circulation is unique in that with increasing blood flow there is relatively small 

change in the pulmonary artery pressure with a concomitant dramatic fall in vascular 

resistance. This could be the result of vascular distension or opening of new vascular 

channels (recruitment), or a combination of hoth. One would therefore expect an increase 

in central blood volume with exercise. In our study, there was a linear increase in central 

blood volume with exercise. By substitution in the least squares titted linear regression 

equation from Figure 9, we can estimate that there was a 46% increase in central blood 

volume when the blood flow is tripled from 0.5 to 1.5 mUsee/go This increase occurs 

despite the demonstrated decrease in the left ventricular component of the volume which 

oceurs in dogs during treadmill exercise (29). No data are available on the behaviour of the 

right heart chambers with exercise, but since the.se chambers share a common space in the 

pericardial sac, there is probably no net increase in the total cardiac blood volume with 

exercise, so that the increase in central blood volume can mostly be attributed to an increase 

in the pulmonary vascular volume. Previous pulmonary artery-aorta indicator dilution 

estimates of central blood volume in exercising dogs gave similar results (17). A 

concomitant increase in carbon monoxide diffusing capacity (DLco) with oxygen 

consumption has been weIl described (8). Investigators, dissecting the elements 

underlying the DLco. have inferred that there is an increase in capillary volume with 

increasing blood flow in healthy human subjects (23,25). Expectations are thus that 

pulmonary capillary volume will increase concomitantly with the increase in central blood 

volume. Of particular importance is the observation that the central blood volume continues 

to increase beyond that blood flow at which all of the lung parenchyma had become 

perfused, and the previous observation that the single breath carbon monoxide diffusing 
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capacity also continues to increase in the exercising human after estimates of dilution al 

water space have maximized (19). 

yascular tracer separation in the pulmomuy circulation. This study sheds more 

light on the red celllabt.l-plasma label separation in the pulmonary circulation. The very 

high flows achieved in this study resulted in a substantial number of observations of very 

short red blood cell and aIbumin mean transit times (between 1 and 2 seconds), when 

separation is most evident (Figure 4). The separation is of a nature such that the extra 

plasma spaee increases with flow (Figure 5). As previously suggested (17), this finding 

likely depends on a flow dependent defonnability of red blood cells, making their eapillary 

transit times shorter than those of the labeled albumin. 

PenneabUity surface area product for tracer norepinephrine. This is the first time 

that an extractable tracer has been used to study changes in capillary surface area in awake 

exercising animaIs. Norepinephrine is extraeted by the eapilia.l)' endothelium by means of a 

specifie carrier mediated process and is then rapidly metabolized (22,2C). There is no 

apparent neuronal uptake and there are no storage granules for norepinephrine in the 

endothelial cells of the lung capillaries. Appropriate precautions were taken to prevent red 

blood eell uptake of norepinephrine (3), whleh would have faIsely elevated measured lung 

extractions. The amount of labeled norepinephrine injected had no detectable hemodynamic 

effects on the animaIs studied. 

It was not surprising to find an absence of detectable norepinephrine metabolites in 

the lung effluent, over the times of a single transit. In the in vivo rabbit lung, where 

perfusion is less and transit times are much larger, Catravas et aI (7) found negligible 

norepinephrine metabolism over the times of a single passage, despite norepinephrine 

extractions averaging close to 50%. With a steady state perfusion approach in isolated 

perfused rabbit lungs, Gillis et al (14) found a 23% norepinephrine exullction, and found 

that 7% of this appeared as labeled metabolites over the following 10 minutes In the 

present study, the mean norepinephrine extraction was found not to change significantly in 
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( the progression from rest over two levels of exercise but values were slightJy less than 

thoçe obtained with the steady state infusion approach in dogs in vivo, where the values 

we..-e 19% and 20% (22). Our results indicate that, in a single passage through the lungs, 

between 14% and 17% of tr4cer norepinephrine is extracted and no detectable Metabolites 

are released into circulation during the time of a single passage. Recause the tracer 

norepinephrine exl.l'action was low, the random error in extraction ratio plots became more 

important and extraction ratio plots were somewhat variable (figure 2), and although the 

data suggested later return of tracer, they did not appear of a quality justifying extensive 

rather than simple modeling. 

The average bulk norepinephrine extraction did not differ significantJy from the 

dilutional norepinephrine extraction, suggesting that there was no net norepinephrine 

production by the lungs. Péronnet et al (27) previously did not fmd a significant 

norepinephrine extraction aeross the lungs of exercising dogs (by radioimmunoassay), 

whieh suggested that the lungs did not contribute to norepinephrine clearmce. We found a 

diJutional extraction of the order of 15%, which was maintained with exercise. This 

suggests that the lungs are one of the major sites of norepinephrine clearance, and that this 

clearance increases with exercise. The importance of this is amplified by the accompanying 

physiologie events. The lungs receive the whole cardiac output, the cardiae output triples 

or quadruples with exercise (Table 1), and mixed venous norepinephrine values ncarly 

quadruple with exercise (Table 2). Differences between bulk mixed venous and aortie 

norepinephrine levels were, however, only signifieant at rest; and PéroMet et al (27) were 

previously not able to demonstrate any differenee at rest or exercise. The sequence of 

findings suggests that the ability of the bulk norepinephrine assays to provide recovery 

estimates, while improving and rnuch better than in the past, with the shift from the 

radioenzymatic assay to the high performance liquid chromatography, ma} still be 

somewhat less than that of the tracer approach. 
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In the present study, the penneability surface area product for tracer norepinephrine 

was found to increa.se linearly with flow. The mean regression line on Figure 10 indicates 

that the penneability surface area product approximately tripled when blood flow tripled. 

Assuming that there is no variation in norepinephrine penneability coefficient with vanation 

in blood flow, changes in the permeability surface area product can he attributed to changes 

in the lung capillary surface area. This assumption seems reasonable since there is no 

present evidence that endothelial penneability to small solutes varies with lung flow. In 

other words, the tripling of the blood flow can he inferred to result in a tripling of the 

capillary surface area available for norepinephrine extraction. Since caplllary dIstension is 

unlikely to result in any imponant change in the number of capillary endothelial transporters 

for norepinephrine, we suggest that the inferred capillary recruittnent results from exposure 

of capillary endothelial cell surfaces not previously in contact with blood. This conclusion 

supports the work of Rickaby et al (28), who showed. in an isolated lobe preparation with 

variable alveolar pressure, that the accessible extravascular lung water space from a zone 3 

to a zone 2 regirne remained unchanged. while the rate of serotonin uptake decreased; they 

inferred that the underlying change was due to a coUapse of capillaries, as opPOsed to a 

simple narrowing. In a recent publication, Fung and Yen (13) have modeled blood flow in 

an alveolar sheet and have described conditions un der which ponions of the al veolar sheet 

become unstable as the venous pressure falls below that of the pulmonary anery, with 

resultant local regions of collapse. As with the data of Rickaby, Fung's model IS consistent 

with our observations, Ü the size of the collapM!d areas is sufficient1y small to aJlow access 

of [l4C]1,8-octanediol from adjacent perfused areas during a single passage. Studies of the 

endotheliaJ metabolism of angiotensin converting enzyme substrates dunng a smgle 

passage (31) and morphometric examinations (15) also support the concept that lung 

capillaries can be recruited. 

In the past, passive mark ers of endotheliaJ transfer have been utilized to explore 

microcirculatory changes during imposed pathologie conditions (4,34). Interpretation of 



changes in penneability surface area product values has then demanded an asseS$ment of 

whether surface area, permeability, or both have changed. The use of a marker chiefly 

removed by an endothelial cell membrane carrier transport system should he helpful, under 

the circumstances. The recent findings by Han-:s el al. (21) that the ratio of pulmonary 

capiUary penneability surface area values for labeled urea (a passively permeating marker) 

to labeled norepinephrine is unchanged during phase 1 of E, coli endotoxemia, but is 

increased during phase 2, when penneability is increased, exemplifies this kind of use. 

Mechanism of recrujtmeot. The mechanism by which recruitment occurs remains 

speculative, but likely results from the interaction of various mechanical forces. Opponents 

of the recruitment theory argue that the presence of collapsed capillaries that would "pop 

open" as a critical opening pressure is reached is too simplistic a representation of the 

problem, and they even question the presence of collapsed capillaries under nonnal 

physiologie conditions. Il has appeared that sorne addition al feature is needed, to provide 

understanding of the observed behavior. SuciJ an additional feature is found in the transit 

of leucocytes through the lung. We would propose that recruitment could result not only 

from the complex interplay between vascular and alveolar pressures, but also from the 

distribution within and obstruction of capillaries by leucocytes, during their passage 

through the lung. The leucocytes have a larger diameter than sorne of the lung capillaries 

and are relatively nondeformable. Recent studies have shown that there is a 70% tirst pass 

extraction of leucocytes by the lungs, and that regional differences in leucocyte retention 

vary inversely with regional differences in blood flow (13,25,29). The retained pool of 

leucocytes in the lung is 2.5 times larger than the total circulating pool and has a turnover of 

l.3%/sec (29); and the capillary leucocyte concentration is, relative to red cells, 50-100 

times that in peripheral blood, at normal resting levels of flow. The major force controlIing 

leucocyte retention in the lung seems to he the bl00d velocity, and with decreasing blood 

flow there is an increasing lung leucocytic uptake (14,37); increased leucocyte burden will 

result. In anesthetized dogs, microscopie studies estimated that one out of thirteen 
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capillaries is occupied by a leucocyte (25). It is plausible that such capillaries are 

temporarily blocked by the leucocytes and they may or may not be collapsed, depending on 

the intracapillary pressure distal to the leucocytes. With increasing blood velocity (as with 

exercise) the dispersion forces pushing the leucocytes will overcome the retention forces 

and "unplug" or recroit the capillaries, thus increasing the pulmonary vascular space. Thus 

the leucocytes rnay, in fact, he the missing and necessary link to vascular recruitment. 

ConclusioQS. The data indicate that, in the transition from rest to low )eve) 

exercise, water space and bence lung tissue are recruited, and that, at moderate leve)s of 

exercise, the totality of lung tissue becomes perfused. With increasing levels of flow above 

this, there is a further linear increase in the vascular volume wühout funher tissue 

recruittnent. This change is accompanied by increases in the endothelial norepinephrine 

permeability surface area product over the whole range of flows, and this increase can he 

inferred to reflect capillary recruitmenl 

The use of endothelial uptake processes to discern the nature of the in vivo 

physiological functioning of the lung during exercise represent~ a new approach to Ihis 

area. The extension of tbis approach to other vascular surface markers, known to have 

greater pulmonary extractions, should yield more precision to estimates of penneability 

surface area products, for these materials. Labeled semtonin or labeled angiotensin 

converting enzyme substrates, which have higher pulrnonary extractions than 

norepinephrine, seem appropriate candidates for this mie, and it appears likely that further 

studies with substances su:h as these will cast more light on the physiological functioning 

of the lung during exercise. 
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CHAPTER 3 

Pulmonary angiotensin-converting 

enzyme substrate hydrolysis 
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ABSTRAcr 

We examined exercise-induced changes in indicator-dilution estimates of the 

angiotensin-convertillg enzyme fU'St arder kinetic parameter A-fKm, which under stable 

enzymatic conditions will vary with the pulmonary vascular surface area accessible te 

vascular substrate, the extravascular lung water (an index of the proportion of lung tissue 

perfused), and the central blood volume (from pulmonary trunk to aorta). Experiments 

were perfonned in 10 mongrr,l dogs at lest and through two increasing levels of treadmill 

exercise, with the use of two vascular space traœrs Oabeled erythrocytes and albumin), a 

water space tracer ([I4C] 1,8-octanediol), and a vascular endotbelium surface area marker, 

Benzoyl-Phe-Gly-Pro «(3H]BPGP), which is a pharmacologicalJy inactive angiotensin­

converting enzyme substrate. The exercise-induced increase in cardiac output was 

accompanied by a linear increase in central blood volume; and dilutional extravascular lung 

water rapidly increased te an asymptotic proportion close te 100% of post-mortem vascular 

lung water. There was an average 55% (3H]BPGP hydrolysis, which did not vary with 

flow; and the computed A.../Km increased linearly with exercise. We conchlde that 

exercise results in complete lung tissue recruitment and increases the pulmonary vascular 

surface area available for BPGP hydrolysis linearly with flow, 50 that pulmonary vascular 

recruitment continues after full tissue recruitment. 
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IN1RODUcnON 

An area of continuous exploration in pulmonary physiology is the appraisal of the 

relative roles of vascular distensibility and vascular recruittnent in the increase in pulmonary 

vascular volume which occurs with increase in blood flow, panicularly with exercise (25). 

A complex interplay between pulmonary vascular pressures, alveolar pressure and other 

factors likely not yet dermed results in both gravity-dependent (42,43) and independent 

(20) heterogeneities in pulmonary blood flow. With increase in blood flow, there is a 

reduction in the gravity-dependent heterogeneity of perfusion, the upper parts of the lung 

becoming better perfused (20). This could he the result of either vascular dIstension 

(increase in the diameter of already perfused vessels) or recruitment (perfusion of new 

vessels) or a combination of both. 

Accumulating evidence indicates that capillary recruitrnent, at least in part, must 

contribute to the process. Morphometric studies of zone 2 conditions have shown local 

areas of capillary collapse as the alveolar pres~ure-venous pressure difference is increased 

(13,41). Increase in the surface a.rea of the blood-gas interface by capillary recruitment has 

been adduced from the increase in carbon monoxide diffusing capacity with exercise, when 

tissue space has been completely recruited (6). In vivo microscopie observation of 

subpleural vessels under zone 2 conditions (21) has shown capillary recruitment with 

hypoxia and fluid loading, maneuvers which, like exercise, result in increase in pulmonary 

arterial pressure. When the labeled microsphere technique is used to explore changes in 

flow distribution with changes in cardiac output, blood flow appears to change regionally 

in proportion to cardiac output except in the upper regions of the lung (rone 1) where there 

is an evident recruittnent-derecruitment phenomenon (20). 

Angiotensin-converting enzyme (ACE) is )ocated on the lurninal surface of the 

pulmonary vascular endothelium (38). ACE activity therefore will reflect the interaction 

between plasma and the endothelial surface in the capillaries perfused. and the total activity 

will be expected to be closely influenced by the vascular surface area available for 
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interaction with vascular substrate. A close correlation between total activity available for 

processing plasma substrate, calculated capillary endothelial cell surface area, and carbon 

monoxide diffusing capacity has been demonstrated by Pitt et al. during postnatal 

development in lambs (29,30); and the changes in ACE activity with lung injury (27) and 

increases in al veolar pressure (39) have been inferred to refleet changes in perfused 

rnicrovascular sulface area. The foregoing suggest that an i" vivo appraisal of pulmonary 

ACE activity during exercise could he used to assess change in the perfused pulmonary 

capillary surface area with exercise. 

In the present study we have therefore used the multiple indicator dilution studies 

with tritiate.d benzoyJ-phenylalanyl-glycyl-prolinc ([3HlBPGP), a phannacologically 

inactive ACE substrate, to probe pulmonary ACE 3Ctivity and provide information 

conceming changes in the perfused pulmonary microvascular surface with exercise. We 

conducted experiments in 10 mongrel dogs, at rest and through two successive levels of 

exercise, and measured the tirst order kinetic parameter corresponding to the ratio of a 

nonnaJized maximal enzyrnic conversion rate and the Km or Michaelis constant for the 

activity of angiotensin convening enzyme on [3H]BPGP. This ratio is the equivalent of a 

unidirectional permeability surface area product for a diffusible tracer and is thus expected 

to be proportional to the perfused endothelialluminal surface area (39). We have, 

sirnultaneously, estirnated the extravascular lung water accessible from the vascular space, 

to provide an index of the amount of tissue perfused, and have compared these dilution 

estimates with postmortem gravimetric measurements of the extravascular lung water. The 

water space tracer used was [l4C]1,8-octanediol, which has an identical transit time to that 

of labeled water (7). In addition, vascular space tracers for the cellular and plasma phases 

ofblood, [SICr]erythrocytes and [l2SI]albumin, were injected simultaneously with the other 

tracers. With this approach, it became possible to measure simultaneously the effeet of the 

increase in cardiac output with exercise on the central blood volume \Ineasured from the 

pulmonary artery to the root of the aorta), the proportion of extravascular lung water that is 
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accessible from the pulmonary vascular space (which reflects the proportion of lung tissue 

being perfused), and the fractional hydrolysis and calculated kinetic rate constant for 

PH]BPGP (which should he related to the perfused pulmonary capillary surface area). The 

theoretical basis for the analysis of the surface-mediated hydrolytic process was examined. 

as part of the process underlying the analysis of the data. 

MATERIALS AND MElHODS 

Animal preparation. Eight healthy mongrel dogs (mean weight 23.5 ± 5.5 [SOI kg) 

were studied in the awake state. After being trained to perforrn on the treadmill. they were 

prepared under general anesthesia for later studies. Induction was carried out by the use of 

6 mglkg pentobarbital (Abbott Laboratories, Montreal, Canada), and anesthesia was 

maintained with halothane (Ayerst Laboratories, Montreal, Canada) while the animal was 

mechanically ventilated by use of a respiratory pump (Harvard Apparatus, Milis, MS, 

U.S.A.) with a gas mixture containing oxygen and nitrous oxide. A right paramedial 

cervical incision was performed and the right ip'''mal jugular vein as weIl as the right 

internal carotid artery were dissected and isolate 

tubes, Argyle, St. Louis, MO, U.S.A.) were thera 

Permanent cannulas (modified stomach 

'!rted through a small incision in both 

vessels and, under fluoroscopic guidance with the help of vascular contrast medium (MD-

76, Mallinckrodt, Pointe Claire, QC, Canada), the tip of the arterial cannula was positioned 

2 cm above the aortic valve, while the venous cannula was secured in the nght atrium. 

Subcutaneous tunnels were then constructed from the incision to the back of the neck, 

where two small incisions pennitted the exit of the cannulae. The dogs were allowed a 

minimum of one week to recover from surgery, while patency of the cannulae was 

assessed every day. To prevent clotting and thromboembolism, the animaIs recelved 

subcutaneous injections of heparin (Leo Laboratories, Pickering, Ontario, Canada), 8000 

units twice a clay, and the cannulae were flushed with heparin every day. 
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( On the day of the experirnent. the animal was positioned on the tread.mill and a 

balloon tipped catheter (Edwards Laboratories. Santa Anna. CA. U.S.A.) was introduced 

through the venous cannula and advanced to the main pulmonary artery. its fmaI position 

being guided by pressure tracings (Gould Recorder 2400S. Cleveland. OH. U.S.A.) and 

fluoroscopic guidance. The arterial cannula was connected to a peristaltic pump (Cole 

Palmer, Chicago, IL, U.S.A.), which in tum led tu a sarnple collector containing 

borosilicate tubes. A frrst multiple indicator dilution study was then carried out With the 

dog at rest, a radioactive bolus containing the tracers to be studied was introduced into the 

pulmonary artery catheter and rapidly flushed into the circulation with 5 ml of blood. 

Sunultaneously, the sampling pump (2 mIls) and collecting rack (2 tubesls) were started, 

31'd sarnples were collected ove. a period of 2~ seconds. The procedure was then repeated, 

for each of the two studies carried out during exercise. The treadrnill was started, with the 

dog moving at a speed of two miles per hour and every 3 minutes the slope was increased 

by 1 (». The experimental run was repeated at the completion of six minutes (Level A), and 

again at 15 minutes (Level B) of exercise. Two pilot studies were perfonned using 

anesthetized ai.mtaIs and the data from these were inc1uded in the anaIysis of this study. In 

these. two healthy mongrel dogs were studied and one dilution experiment was carried out 

in each animal. Anesthe~ia was induced with pentobarbital (30 mg/kg). Temporary 

catheters were inserted as for the awake animaIs and the experiment was performed with 

the animal in the supine position. The animal was manually ventilated for 30 seconds every 

5 minutes in order to prevent pulmonary atelectasis. The data from these experirnents were 

included in the illustrations, but were not analyzed with the ruos done in the resting state. 

Injection mixture. Since there is a small amoul1t of angiotensin converting enzyme 

activity in plasm~ and, rotentially, associated with platelets, it was necessary to make up an 

injection mixture lacking thcse. The following procedure was devised. From each animaI, 

15 ml of blood was withdrawn from the arterial cannula and layered on top of 35 ml of 

Percoll in a centrifuge tube. The isotonie Percoll had previously been adjusted to a specific 

67 



gravit y (S.G.) of 1.07 g/L. The tube was then centrifuged al 3000 g for 20 minutes. TIlis 

procedure resulted in separation of the erythrocytes (SG 1.09 g/L) from the other 

eomponents of whole blood (plasma, white eeUs, and platelets) which have a lower specifie 

gravit y than Percoll. The plasma and platelets were discarded and the erythrocytes were 

labeled as previously described (18). The Percoll separation did not result in any damage 

to the erythrocytes as assessed by light microscopy. The Percoll separation and the 

subsequent washings of the erythrocytes (on thre~ occasions) during the labeling procedure 

fI":.ulted in a 'plasma free' injection mixture. We pre.pared 8 ml of injection mixture for 

each animal. It contained approximately 20 !lCi of r51 Cr)-labeled erythrocytes and 60 IlCi 

of [l25I]albumin (NEN, Boston, MA, U.S.A.), two tracers that remain in the intravascular 

spaee and do not cross the capillary barrier significantly during a single passage lime. 

Additionally, 100 IlCi of [l4C] 1,8-octanediol (2.94 rnCi/mmol, NEN, Boston, MA, 

U.S.A.) was added to se:ve as a water space tracer (its mean transit time is identical to that 

of labeled water [7]). The octanediol, because of its essentially nonvolaule nature, is 

virtually excluded from the alveolar space. Cua et al (7) have interpreted differenrcs in the 

outflow curves for laheled water and octanediol to indicate the presence of a diffusional 

shunt for labeled water through the vapor phase in the alveolar space (the mass of the vapor 

phase is, of course, tiny in comparison with tissue water), leading to a small early 

precession and delayed downslope of the labeled wateT with respect to the octanediol. The 

labeled erythrocytes, the [l25I]-albumin, and the [l4C]l ,8-octanediol were then added to a 

beaker containing 25 nmol of dried [3H]BPGP (500 IlCi; 20 Ci/mmol) and the injection 

mixture was adjusted to match the venous hematocrit of the dog, and was separated into 

three parts, for later injection. Aliquots of 50 ~ of the injection mixture were diluted wlth 

950 J.11 of blood, to he counted later and serve al) a standard of refeTence for the 

detenrunation of the quantity of tracers in je ct cd. The radioactivity retained in the input 

venous cannula was determined after each bolus injection by aspirating the eannula and 

assaying an aliquot, and this was subtracted from the total injected. 
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( Sample collection and preparation. The sample collector was filled with ice, to cool 

the co]Jecting tubes and samples, and each collecting tube contained 1 ml of stop solution 

(0.15 M NaCI, 3 x 10-3 M NazEDTA, 1 x Ur3 M 1,100phenanthroline and pH adjusted to 

6.8-8 by 1.0 N NaOH) which blocked the minor amount of plasma angiotensin-converting 

enzyme activity present in the outflow samples. Immediately after each ex periment, a 200 

J.Ll aliquot was taken fmm each sample and placed in a new tube for processing; 300 ~ of 

nonnal NaCI and 3~ of 25% TCA were added, and the tubes were centrifuged at lOOOg 

for 10 minules. The tubes with the precipitated pellets were then assayed for gamma 

activity. The remaining ~ple (blood + stop solution) was then centrifuged (1000 g x 15 

min). A 200 J,.LI aliquot of the supematant from each sample was then added to a 20 ml 

scmtillation viallo which 1 ml of 0.1 N HCI and 1 ml of toluene-Omnifluor (4 g Omnifluor 

[Dupont-New England Nuclear, Boston, Mass.] per litre reagent grade toluene) were 

added. The vials were ;.:apped and inverted 20 times before being assayed for beta activity. 

The contents resolve themselves into IWO phases, the toluene phase tloating on top of the 

water phase. At the acid pH, the organophHic radioactive product is extracted ioto the 

counting phase. the organic solvent containing the scintillants. while the unhydrolyzed 

substrate remains in the aqueous or "non-counting" phase. The vials were then reopened 

and 17 ml of aqueous scintillation cocktail was added (Ready Safe, Beckman); they were 

then vigorously shaken by hand before being counted for a second lime. A single phase 

results. The tritium activity assayed is now that corresponding to the total. 

Grayimetrie measuremeots. At the conclusion of each experiment, the animal was 

sacrificed and the lungs were removed together with the trachea, by resecting it two rings 

below the cricoid cartilage. The tracheobronchial tree is vasculari..!.ed by the bronchial 

artel)', and its water space is consequently not accessible to tracers entering the pulmonary 

circulation. To allow for this, we carried out in vitro measurements of the extravascular 

lung water, exc1uding the extrapulmonary bronchial tree. The extrapulmonary bronchial 

tree was dissected as closely as possible to !he lung parenchyma and was removed. The 
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lung parenchyma and the extrapulmonary bronchial tree wp.re then weighed separately. The 

parenchyma was homogenized in a blender, with the addition of a known quantity (usual1y 

500 ml) of water. and the total volume of the homogenate was noted. A 1 ml aliquot of 

homogenate was removed and retained. [SlCrJErythrocytes were counted in this sample as 

weil as in 1 ml of mixed venous blood drawn just prior to the sacrifice. A sample of 10 ml 

of homogenate and the removed extrapulmonary bronchial tree were weighed and dried 

separately and the dry weights were detennined. 

The gravimetric extravascular lung water was then estimated. The problem which 

presents is how to correct values obtained from the lung tissue, for their contained vascular 

content. At the time of removal, after three expenmental runs, the labeled red cells will stIll 

be confined to the circulation, whereas sorne of the labeled albumin will have left the 

circulation and will be in the interstitial space. We therefore were able to use only the 

labeled red cells as a guide to the vascular volume. The vascular volume (YL V) trapped in 

the lung at the time of removal' approached from this point of view, is given by the 

following equation, 

VLV = Hvol<HqmIBcpm) 

where Hcpm and Bcpm represent the SlCr activity in a 1 ml aliquot of homogenate and blood, 

and Hvol is the homogenate volume, in ml. The water content of plasma is 0.94 mUml, and 

that of red cells is 0.70 mVml. Thus. if we assume that the hematocrit of the pulmonary 

vessels is equal to the venous hematocrit (the assumption lS not quite correct, but win he 

used, for now), we can ealeulate the trapped vascular lung water (VLW) in ml from the 

trapped vaseular volume and the hematocrit (Het) by use of the following relation, 

VLW = VLV [0.70 Het + 0.94 (1- Het)J 

The weight of the trapped blood can also he calculated from the specifie gravit y of plasma 

(1.027 g1ml) and that of erythrocytes (1.090 glml). 
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( The dry Jung weight excluding the extrapulmonary bronchial tree (Wfdry, in g) was 

then ca1culated from the total volume of t''le homogenate and the dry weight (Alciry in g), of 

the 10 ml aliquot, by use of the relation, 

Wldry = Hvoi (~10ml) 

From the wet weight of the lung without the extraparenchymal bronchial tree, Wt, and the 

corresponding dry Jung weight, Wlciry, the totallung water, 1LW, can be estimated from 

the relation 

1LW=Wt-Wtœy 

The corresponding gravimetric estimate of extravascular lung water (EVLW,) is 

EVLW, =1LW - VLW 

Use of tracer curves to estimate flow. meao transit times. and central blood volume. 

In order to provide a basis for comparison among the groups, the ll'ltal amount of each 

material injected was defined as 1 unit. The outflow concentration of each tracer is then 

automatically defined as its outflow fractional recovery per ml ofblood; the relative 

behaviour of the tracers can then be appraised when the fractional recovery values are 

plotted as a function of time. To correct for recirculation, the dilution curves were plotted 

on a semilogarithmic scale. and the downslopes were extrapolated linearly, after the 

classical manner of Hamilton (11). Blood flow (Fb) was then calculated by use of the 

conservation relation, 

Fb = } / r C(t) dt 

where C(t) is an outtlow fractional recovery-time curve, and the integral in the denominator 

on the right hand side of the equation is the area under the fractional recovery curve for any 

tracer completely recovered al the outflow. We used the area under the fractional recovery 

curve of the [51Cr]erythrocytes, for this calculation. 

, 
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The mean transit time for each tracer was calculated by use of the relation, 

.. Il: t C(t) dt \ -
Mean tranSlt tlme = \ _ 1 - tc.tb 

Jo C(t) dt 

where tc.tb is the Mean transit time through the catheters of the injection and collection 

system. 

The central blood volume (CDV) was calculated as the sum of the spaces accessible 

to the two vascular tracers, labeled red cells and albumin, 

CDV = Fb Hct tRBC + Fb(l-Hct) tAib 

where tRBC and tAlb are the transit times of laheled red ceUs and labeled albumin. 

DUutional estimatcs of extJjlyasçular Water space. The volume which is ordinarily 

measured is a water volume. The flow used to measure il must therefore be a water flow, 

and the vascular reference must he a vascular water reference (11,18). If we define Fb. Fr, 

and Fp as the flows of blood. red blood cells and plasma respecti vel y, F w as the flow of 

water, and fr and fp as fractional volumes of water in red blood cells and plasma (ml 

water/ml red cells or plasma), then 

Fr=Hct Fb 

Fp = (l-Hct) Fb, and 

Fw = Frfr + Fpfp 

The last equation provides the appropriate relation for the calculation of blood water flow. 

Similarly, the reference vascular transit time appropriate for calculating a water 

volume is the weightf'>..d transit time which the water would have if it did not cross the 

capillary barrier, tw ref. Il is calculated by use of the expression. 

The extravascular lung water, calculated from the indicator dilutional data, then becomes, 

EVLW = Fw (Ïoct - lw ree) 

... (7) 
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where Ïoct is the mean transit lime of octanediol, and this is being used as a guide for the 

space of distribution of tissue water. The calculated EVLW value ~3 that which usually has 

been calculated from indicator dilution data (11,18.19); it provides a quantitative value for 

the accessible extravascular lung water volume. 

In the present study, a pan of the object of the study is to compare the tissue water 

accessible to tracer to that detennined gravimeaicaJJy, in the same animais, and to both gain 

insight into the manner in which tissue space becomes accessible as the pulmonary blood 

flow increases. and the proponion of the gravimetric space which is accessible to tracer al 

maximal flows. In order tû carry out the comparison, the calculated basis for the 

comparison needs to he the same. Since, in developing the methodology for the 

gravimetric estimates of lung water, we were able to use only the labeled red ceU 

component of the vascular space as the basis for the calculation of the included vascular 

volume, we need, for the purposes of comparing the dilutio"al estimate to this, to correct 

the calculated gravimetric extravascular lung water estirnate by adding ta it the water content 

of the extt'a plasma space not seen by the red blood ecU tracer. Red blood cell-albumin 

label separation is expected to occur primarily in the small vessels, especially the capillaries 

(1), rather than in the large vessels, and to result in different transit times for the labeled red 

cells and albumin. This separation was used previously by Goresky et al (18) to quantitate 

the extra plasma space (EPS) accessible to labeled albumin, in excess of that available to the 

labeled red blood cells, as follows, 
- -

EPS = Fb (I-Hct) (t.b - tROC) 

The extra plasma space was found (18) le' increase linearly with blood flow, and to 

have a smèlll ordinate in terce pt, EPSinh on least squares linear regression. This value 

represents the zero flow extra plasma space. Its water content, 0.94 EPSinb represents the 

probable error In our calculation of the gravimetric extravascular lung water content, 

attributable to plasma trapped in the lungs in excess of the labeled red ceHs. We have 
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therefore corrected our gravimetric extravascular lung water estimate, EVLW" by 

subtracting from it 0.94 EPSmt• 

An&iotensin-convenio& en:tyme kioetics. Samples were analyzed for pH]BPGP 

and the labeled hydrolysis product [3H]BP by use of the toluene extraction procedure 

outlined above, as originally described by Ryan (37). The arnount of metabolite (PH]BP) 

in each sample was detennined by use of the relation, 

pH]BP = [OPME - (fr.·OPMT)]I(frp - frl) 

where DPM represents calculated [3H]dpm values, E represents values from the toluene 

extraction while T represents the total values, frp represents the fractional extraction of pure 

product ([3H]BP) into the counting phase (toluene) of the cocktail during the differential 

extraction procedure, and fr. represents the fractional extraction of pure substrate 

([3H]BPGP) into the toluene phase. The parameters frp and frs were detennined from two 

separate in vitro experiments, on the stock solution of PH]BPGP used for the experirnents 

in this study, and on hydrolyzed PH]BP derived from this. Average values of 0.61 ± 

0.016 (SO) for frp and 0.068 ± 0.004 (SO) for fr. were obtained. At the end of each 

experiment, the quality of the injection mixture (that is the lack of angiotensin converting 

enzyme activity in the prepared mixture) was assessed by t'JOng an aliquot of the remaining 

injectate and measuring the ratio of the PH) OPM extracted into the toluene phase to the 

total [3H) DPM. The mean value was 0.057 ± 0.01. This value was not different from the 

average value for frs (0.068), proving that no detectable hydrolysis of [lHJBPGP had 

occurred in the injection mixture, prior to its use in the experiment 

The instantaneous proportion al BPGP metabolism (Ml) in each sample was 

calculated by use of the relation, 

Mi = PH]BP/([3H]BPGP + [3H]BP) 

Note that the denominator represents the total PH] OPM counted in the cocktail. The 

cumulative fraction of BPGP metabolized by the lung during passage of the bolus was 

calculated as 
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( 

( 
". 

T 1T 
M = 1 [3H]Bp( 1) dt f 0 ((3H]BP( 1) + [3H]B PGP(III dl 

where T represents the lime at which recirculation occurs. 

In Appendix l, we have developed. at a theoreticallevel, the expected description 

for the kinetics of enzyme catalyzed fonnation of [3H]BP from [3H]BPGP by the lung, in a 

fotm corresponding to the experimental observations. The relation derived in Appendix l 

(equation 1A27D to fit the data is 
ln c;Jt) ]-~ 

CBPOP( t) - KmFp 

where Amu is the product of the total enzymic activity in the part of the capillary bed which 

is perfused, and the rate constant for product formation kcat (5), Km is the Michaelis 

constant for the angiotensin converting enzyme, and Fp is the plasma flow rate. 

This equation can, altematively, he expressed as 

~ = ln [----L-] 
KmFp I-M 

This is the most convenient fonn for calculating the parameter on the left hand side of the 

equation. Il corresponds to that utilized by Toivonin and Catravas (39). 

Now since, experimentally, Fp is independently detennined, from the data, we can 

separate the ratio AmaxlKm, and calculate il by use of the expression 

~= Fp ln [----1-] 
Km I-M 

= - Fp ln (1 - E) 

where E corresponds to an instantaneous extraction, but in this case is the fractional 

formation of product within the vascular space. The parameter AmulKm provides a 

rneasure of the ratio of the reacting enzymic mass to the Km for the substrate. With the data 

at hand, it is not separable into its components. Equation (20) indicates that it is, in fonn, 

analogous to a permeability surface area produCl Its changes can therefore he regarded in 

this sense. 
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RESULTS 

Dilution curves. TypicaI sets of dilution curves obtained from the three dilution 

studies carried out in one of the animaIs (exp. 9) are shown in Figures l, 2 and 3. To 

demonstrate clearly the impact of increasing blood flow on the areas under the curves and 

their transit ûmes, and on recirculation of the tracers, a rectilinear ordinate is utilized, 

together with an identicaI abscissal time scale for all tlm:e studies. Figure 1 depicts the 

relationship between the vascular b'acers, [SlCr]erythrocytes and [125I]albumin, and the 

water spaœ tracer [14C]1,8-octanediol. With the change from rest to ftrst level and then 

second level of exercise, the appearance time of the tracers is seen to decrease, the areas 

'lnder the referenee dilution curves become smaller, and recirculation occurs earlier. The 

recirculation profiles of the vascular tracers are more evident in the lower two panels. As 

expec~ there is reduced recirculation of [14C)l,8-octanediol. since this water space tracer 

freely diffuses into peripheral tissue from systemic capillaries. The experiment carried out 

at rest exemplifies the relationship between the tracer outflow curves. The outflow fraction 

per ml for the erythrocytes is highest in the ftrSt samples; it reaches the highest and earliest 

peak, and decays most quickly. The vaIues for aIbumin are slightly lower on the upslope; 

its peak is slightly lower and later, and its downslope decays slightly less quickly. The 

values for the labeled œtanediol are most displaced from those for the red blood cells; the 

upslope of the curve rises less quickly, the peak is delayed and located approximately on 

the downslope of the red blood cell curve, and the downslope of the curve faIls less 

precipitously. 

The relationship between the plasma reference [l25I]alburnin, the total PH] in the 

lung effluent (PH]BPGP + [lH]BP) and unmodified PH]BPGP is shown in Figure 2. 

The average recove-ry of total PH]BPGP + PH]BP with respect to the vascular plasma 

[l25I]albumin reference, 0.994 ± 0.049 (SD), was complete, and there was no systematic 

difference between the mean transit times of [125I1albumin and total [3H] at any of the three 

levels of cardiac output (Table 2). The cumulative fractional hydrolysis fraction (M) for 
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FIG. 1. Typical set of dilution curves obtained from a dog at rest and at two successive 

levels of cxercise (levels A and B). The time scale on the abscissa was kept 

identical for 3 graphs to show the effect of increasing blood flow on the general 

appearance of the curves. 
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FIG. 2 Relationship between the outflow profile of the plasma reference (125I]albumin , 

the total ['H] in the lung effluent ([3H]BPGP) and unmodified (lH]BPGP, from 

the data set shown in Fig. 1. Total PH] recovery was complete and the 

proportion al ['H]BPGP hydrolysis averaged 55% and did not vary from Test to 

level A or B of exercise. 
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Outflow profile for instantaneous [3H]BPGP metabolism from one set of 

experiments at rest, and at two successive levels of exercise (level A and B). 

Total PH] recovery curves are shown for purposes of reference. The 

instantaneous metabolism curve, as a function of time, did not show systematic 

variation. Percentage hydrolysis did not vary with exercise (cf. Table 2). 
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TABLE 1. Numerical values of individual parameters calculated from the indicator dilution curves in awake dogs, at Test, and 

allWO increasing levels of exercise. 

Exp. Exercise Body Lung Blood 
- - - -

EVLW M ln h ~M) Amax/Km trbc lalb toct t3H 

no. level weight weight flow 

kg g ml/s s s s s ml ml/s 

l-A* anesth. 34 262 79 7.19 7.36 8.56 7.46 99 0.55 0.80 39 

2-A* anesth. 24 227 47 7.10 7.74 9.00 7.65 70 0.49 0.67 18 

3-A rest 24 217 61 6.45 6.97 8.21 6.92 87 0.50 0.69 23 

3-B A 134 3.39 3.70 4.41 3.73 110 0.59 0.89 66 

3-C B 210 3.51 3.80 4.30 4.11 127 0.59 0.89 104 

4-A rest 32 219 72 3.58 3.90 4.68 3.97 63 0.58 0.87 39 

4-B A 121 3.16 3.48 4.24 3.43 103 0.55 0.80 31 

4-C B 173 3.06 3.50 4.00 3.24 109 0.55 0.80 87 

5-A rest 24 217 41 5.42 5.86 7.78 5.86 84 0.56 0.82 20 

5-B A 67 4.89 5.18 6.59 5.22 100 0.52 0.73 29 

5-C B 63 4.89 5.40 6.70 6.20 92 0.54 0.78 29 

6-A rest 23 179 83 4.19 4.55 5.09 4.59 56 0.54 0.78 35 

6-B A 104 3.66 3.94 4.60 3.71 79 0.50 0.69 40 

6-C B 153 3.37 3.60 4.00 3.70 74 0.46 0.62 52 

7-A rest 16 124 54 4.61 4.84 5.60 4.82 45 0.55 0.80 25 

7-B A 66 3.21 3.48 4.09 3.47 46 0.59 0.89 34 

7-C B 109 2.87 3.10 3.50 3.05 52 0.60 0.92 58 

'.r.; 



Table 1 (contd.) 

8-A rest 19 154 63 4.93 5.13 

8-B A 92 3.15 3.41 

8-C B 160 2.69 2.75 
9-A rest 19 175 60 4.26 4.40 

9-B A 77 4.18 4.29 

9-C B 119 3.38 3.75 

10-A rest 20 233 62 7.05 7.47 

A 82 6.09 6.42 

B 128 3.93 4.39 

6.18 5.27 71 

4.13 3.43 75 

3.20 2.56 76 

5.06 4.53 42 

4.80 4.24 42 

4.46 3.89 98 

8.57 7.43 76 

7.57 6.40 102 

5.19 4.60 120 

0.59 

0.58 

0.56 

0.48 

0.51 

0.46 

0.58 

0.58 

0.61 

0.89 

0.87 

0.82 

0.65 

0.71 
0.62 

0.87 

0.87 

0.94 

29 

41 

68 

23 

33 

44 

33 

44 

75 

t 
~ 

Ïrbc, t..bt Ïocb tJH and lwref represent the mean transit limes of the red blood ceUs, albumin, octanediol, total 3H activity, and the 

intravascular water reference respectively. M = Fractional hydrolysis of BPGP. Lung weight = total wet lung weight including the 

exttapulmonary bronchial me. *Experiments 1 and 2 were done in anesthetized animais. 
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[3H]BPGP did not vary significantly from resting conditions Ùlrough the two successive 

levels of exercise (Table 2). The outflow profile for instantaneous metabolism of 

[3H]BPGP in the ex ample data set is shown in Figure 3. The outflow curve of total PH] is 

included, to provide a time reference. At all three levels of cardiac output, MI appears to be 

remarkably constant during the passage time of Ùle bolus, and we observe that there is no 

substantial change in Mi between the resting state and the two successive levels of exercise. 

The numerical parameters derived from the individual multiple indicator dilution 

experiments are assembled in Table 1. The relationship between the mean transit t!mes of 

the total pH] (here 13H = 13HBP+3H8KiP) and those of albumin (ï.) is presented in Figure 4, 

for the rest and exercise data (data from the two anesthetized animals were excluded). 

There is a nice linear relation between the two, following Ùle best fit mean squares 

regression line, 

il" = 1.03tAlb - 0.003 (r = 0.99). 

In the lower panel the relation is simplified by plotting bH 1 i.., vs. t..,. Again, we do 

not find any systemalic label separation between the two tracers and it thus seems 

appropriate to use the total PH] count as the reference for the calculation of the fractional 

hydrolysis of [3H]BPGP. Since there was no delay, this fmding confums that the majority 

of the angiotensin converting enzyme interacting with vascular substrate must he located at 

Ùle luminal surface of the pulmonary vascular endothelium. 

Yascular label separation and the extra plasma spacc. When the mean transit times 

of labeled albumin and erythrocytes are plotted, a linear relation is found (Figure 5), 

t.b = 1.04OÏRBC + 0.140; r = 0.996 

Values deviate from the regression line only at 'l)e lowest transit limes (highest tlows) as is 

clearly demonstrated in the lower panel, where a red blood ceU-albumin label separation 

occurs with the highest flows. As we described before, this vascular red blood cell-plasma 

label separation suggests that at the highest tlows, the erythrocytes shape into profiles 

which preferentially adopt the central vascular streamlines, thus obtaining lower transit 
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TABLE 2. Mean transit times of albumin and total 3H activity andfractional hydrolysis of BPGP at 

rest and through IWO successive levels of exercise. 

t.., 

(s) 

Rest· 5.39 ± 1.27 

LevelA 4.24 ± 1.06 

Levet B 3.79 ± 0.81 

bH 

(s) 

5.42 ± 1.22 

4.20 ± 1.07 

3.85 ± 0.98 

Pvalue 

0.238 

0.305 

0.390 

M 

0.54 ±.04 

0.55 ±.04 

0.55 ± .05 

ta." bH represent the average of the mean transit limes for albumin and total 3H activity, respectively. The 

P values for the paired t tests between ta., and bH are represented. The fractional hydrolysis of BPGP (M) 

did not vary with exercise. ·Values from anesthetized animais are excluded from the calculated averages. 
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FIG. 4 Relationship between the mean transit time of total PH] (PH1BPGP + (3H]BP) 

and Mean transit time of labeled albumin. There was a linear relation between 

the two (top panel). When the ratio of the two is plotted (bottom panel), the 

identity in transit times becomes evident; the data points seatter around 1. 
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FIG. 5 Vascular label separation. Relationship between mean transit time of labeled 

albumin ( talb) and mean transit rime of labeled erythrocytes ( tRBc) is shown in 

the tep panel. When the ratio of the two is plotted (bonom panel), a relarively 

increasing label separation becomes evident al high flows (low mean transit 

rimes). The Une on the bottom panel is the locus predicted from the best fit 

linear regression equation illustrated in the top panel. 

85 



( times than plasma (1, Il). The extra plasma ~p:lce (EPS, Figure 6), was found to increase 

linearly with blood flow. The least mean squares regression through the data was, 

EPS = O.IOlFb + 0.029; r = 0.637 

The product of the ordinate value (0.029 ml pla.;ma/g lung) and the water content of plasma 

(0.94 ml/ml), is 0.027 ml water/g lung. This \s the water content of the intercept or zero 

flow value for the extra plasma space, and it is the value which we have inferred is needed 

to correct the gravimetric estimates of the extra~mscular lung water obtained by using the 

labeled erythrocytes as a vascular tracer. This v::lue was thus subtracted from the 

calculated gravimetric extravascular Jung water to yield corrected values. 

Extravascular lun~ water. The tracheobroril\;hial tree receives its blood supply from 

the bronchial circulation. A water space tracer injec&'.d into the pulmonary circulation will 

consequently not have access to these structures. We have shown in a previous study that 

exclusion of the extraparenchymal tracheobronchial tre.€ results in gravimetric estimates 

which correlate c)osely with dilution estimates of the eX\'ravascular lung water at high flows 

(11). We therefore subtracted the contribution of the extraparenchymal tracheobronchial 

tree from the gravimetric estimates in our calculations, to provide a base for comparison 

with the diJutional estimates of the extravascular lung water. The dilutional EVLW, 

expressed as a proportion of the wetlung, weight is shown in the upper panel of Figure 7. 

The filled circles represent the data from the present study, while the open circles represent 

data obtained from 9 dogs in a previous study (11). The dilutional EVLW increased 

nonlinearly and rapidly approacherl a maximal asymptotic value at moderate levels of blood 

flow. The least squares best fit rising exponential fitted through the data, was, 

EVLW = 0.726 (1 - exp-2.47Fb) 

where the first numerical parameter is an asymptotic maximal or EVL W max value, and the 

second, an exponential rate constant with dimensions retiprocal to those of Fb' 

Altematively, the best fit expression using a rectangular hyperbola was, 

EVLW = 0.899Ft/(Fb + 0.378) 

86 



-a -
E -

CI) 
a. 
w 

FIG. 6 

0.3 

r = 0.637 • 
0.2 

0.1 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 

Blood Flow (mI/sIg) 

Extra plasma space (EPS), in ml plasma/g wet lung wt, plotted as a function of 

blood flow. An increase in the extra plasma space with blood tlow is evident. 

The intercept (0.029 ml pJasma/g Jung) was used to correct the gravimetric 

estimates of extravascular Jung water. 
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Dilutionallung water. The dilutional extravascular lung water (EVL W), 

expressed as a proportion of wet lung weight, is plottcd in the top panel. The 

EVL W increases with exercise, and rapidly approaches a maximal asymptotic 

value representing approximately 80% of the wet lung weight. The ratio (R) of 

the dilutional over the gravimetric estimates of the extravascular lung water is 

depicted in the lower panel. The ratio increases rapidly with blood flow, ta 

reach an asymptotic value of close to 1, indicating that all of the lung tissue is 

then perfused. The filled circles represent data from the present study, while 

the open circIes were taken from a previous study (10). The data were fitted 

using a rectangular hyperbola (solid line) or a rising exponential (soUd Hne). 



where the numerical par.-.meter in the numerator is an EVL W mu. while the one in Ùle 

denominator corresponds to an EVLW value which is half the asymptote. Both patterns 

provided a similar quality of fit througll the range of the data. but the maximal value from 

the hyperbolic fit, which was not reached within the observe<! range of flows. was 

substantially larger than any of the measured values. The apparent lack of change of the 

dilutional estirnate at higher flows suggests that all of the lung water had become accessi ble 

to the octanediol probe, in the moderate and high ranges of blood flow. 

To amplify this potential relation, the ratio (R) of tracer accessi ble E VL W to 

gravimetric~lly determine.d EVLW is plotted as a function of blood flow. ln the Jower panel 

of Figure 7. Again, a similarly rising pattern is found for R, and we obtatned Rmu val ues 

of 0.94 and 1.11 using an exponential and hyperbolic fit, resp.!Ctively. At moderate levels 

of blood flow, the observed R values approach unit y and ail of the lung water has become 

accessible from the vascular space. If we therefore sec Rmu equal to 1 and obtain a one 

parameter fit, the best fit rising exponential is, 

R = 1 - exp-2.6711, 

and the best fit rectangular hyperbola. 

R = FtI(Fb + 0.175) 

The latter does not correspond to the sense of the data in the low flow regiun. nIe rising 

exponential seems to provide a systematically better fit through the data pomts. 

Central bJood volume. The central blood volume (CBV), as calcuiated by use of 

equation (8), increases linearly with blood flow (Figure 8), according to the following 

fitted least mean squares regression line, 

CSV = 1.62Fb + 1.10: r = 0.841 

The image of the increase in central blood volume with increase in blood flow is also 

portrayed in a different fashion in the 10wf..T panel, where the mean transit time of the 

vascular reference is plotted against blood flow and compared with isovolume lines. In 

contrast to the tracer accessible extravascular lung water, which rapidly approaches a value 
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corresponding to a maximal asymptotic proportion at moderate levels of exercise (Figure 

7), the plot cOlTesponding to the central bl00d volume continues to cross higher isovolume 

Hnes even at the highest flows, reflecting the continuing increase in central blood volume 

across the higher flow range. 

An~iotensin-cçnvenine enzyme kine1Ïcs. The cumulative fractional PH\BPGP 

hydrolysis fraction (M) did not vary as a function of blood flow, but took the shape of a 

flat li ne when fitted by least mean squares linear regression (Figure 9, top panel), 

M = 0.017Fb + 0.54; r = 0.109 

The lumped parame ter AmaJKmFp was calclliated by use of equation (19). It did 

not vary significantly with blood flow and also gave a flat \ine relationship versus Pb 

(Figure 9, middle panel), similar tv that for M, 

AmaxAKmFp) = 0.029Fb + 0.415; r = 0.1 Ji 

The parameter AmaxfKm, calculated by use of equation (20), shows an entirely 

different relation to blood flow. AmaxlKm, which is an index of enzymic mass and, 

presumably, capillary wrface area, increases linearly over the blood flow range, according 

to the relation (Figure 9,lower panel), 

AmaxlKm = 0.371Fb + 0.014; r = 0.<)37 

Capillary surface area appears to he recruited essentially in proportion to the change in 

bluod flow. 

This conclusion would be buttressed if other pararneters relating to the capacity of 

the pulmonary circulation correlate with AmaxlKm. We therefore also examined the relation 

between AmaxlKm and central blood volume, and the extra plasma space. When Ama,/KIIl1'" 

plotted against the central blood volume we find a significant correlation according to the 

relation 

AmaxlKm = 0.167CBV - 0.11; r = 0.81 

where the central blood volume is expressed in mVg of wet lung weight. 
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The extra plasma space is thought to reside mostly within the microcirculation, 

where the hematocrit is lower than in the great vessels. A positive and significant 

correlation was also found between Amax/Km and EPS with 

AmaJtIKm = 1.75 EPS + 0.08; r = 0.70 

The EPS is expressed in mVg of wet lung weight. 

DISCUSSION 

We studied the effect of graded exercise on the central blood volume, the tracer 

accessible extravascular lung wateT, and the frrst order kinetic parameter Amax/Km for the 

angiotensin converting enzyme substrate BPGP in awake mongrel dogs. 

Central blood volume. The central blood volume measured in the present work is 

that from the base of the main pulmonary artery to the root of the aorta. This volume is that 

comprised by the pulmonary circulation plus the left heart chambers. Variations in the 

volume of the left atrium, because of its small capacity cGmpared to the pulrnonary 

circulation, probably do not contribute significantly to change to the central blood volume 

with exercise. The left ventricular end diastolic volume increases with exerclse while the 

end systolic volume àecreases (40). The increase in the left ventricular ejection fraction is 

accompanied by an increase in heart rate resulting mainly from a decrease in the dlastollc 

period of the cardiac cycle. The left ventricular contribution to the central blood volume is 

thus a complex and dynamic one which will vary with the different periods of the cardlac 

cycle, with the heart rate, and with the inotropic state of the myocardium. We can, 

however, analyze the static extremes in which the left ventricle IS regarded to be a simple 

reservoir, and examine the impact of the change in relation to the whole. Suppose we have 

a situation in which the left ventricle has an end diastoiic volume of 60 ml and an ejectlon 

fraction of 60%. If all time were spent at end diastolic volume, there would be a 60 ml 

contribution to the central blood volume, while if all time were spent 10 end systo)t;! there 

would be a 24 ml contribution, a difference of 36 ml. During the recordmg of an indicatof 
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dilution curve, the volume will cycle, and the volume calculated will represent a time­

averaged value. The change around the average is of the order of 5% of the central blood 

volume at rest, and thus, by comparison, can be regarded as small. Since the average left 

ventricular volume is not expected to increase perceptibly with exercise, it will not 

contribute substantially to the observed much larger central blood volume observed with 

exercise. Change in the pulmonary vascular volume can therefore he considered to he the 

major contributor to the change in the c~ntral blood volume with exercise. Since the central 

blood volume continued to increase over the complete range of flows encountered with 

exercise, the pulmonary vascular volume also can he considered to increase over this range. 

The increase could be the l'esult of distension of pulmonary vasculature, recruitment, or a 

combination of both. Insight into the latter must come from the tissue space and capillary 

surface tracers. 

Extrayascular lune water. The tracer accessible extravascular lung water is the 

water contained in tissue structures which are perfused al the time of the experirnent. The 

dilutional extravascular lung water can consequently serve as an index of the amount of 

lung tissue being perfused from the pulmonary artery and any increase in this parameter 

must he the result of lung tissue rccruitment The tracer accessible extravascular lung water 

(Figure 7) increased with increasing blood flow approximately over the interval from rest to 

frrst level exerci~, and thereafter remained close to an apparent maximal value representing 

approximately 75% of the wet lung weight The ratio of the dilutional over the gravimetric 

estimates of the extravascular lung water a1so increased in a similar nonlinear fashion, to 

asymptote close to the value of unity. The saturating hehavior of extravascular lung water 

with exercise had previously becn described by Goresky et al. (18,19), the asymptotic 

estimates, expressed as a ratio of wet weight, being somewhat lower, however, since the 

extraparenchymal tracheobronchial tree had becn included in the gravimetric measurements 

(11). 
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Thus, in the transition from low to moderate levels of blood flow with exercise, 

there must he pulmonary vascular recruiunent, underlying the observed lung tissue 

recruitment. The results correspond, in a sense, to experiments with isolated lung lobes in 

which the effects of increasing size embolie beads on dilutional estimates of the vascular 

and the extravascular lung water volumes have been examined: the investigators found a 

linear relationship between the estirnated vascular and extravascular volumes (9). 

Exclusion of part of the microvascular bed led to exclusion of part of the extravascular lung 

water, in this instance. 

It may seem paradoxical that, in the present work, the central blood volume 

increased over the whole range of blood flows and kept on increasing despite the fact that 

aU of the lung tissue was heing perfused. The additional increase in central blood volume 

in the transition from moderate to high levels of blood flow did not result in further lung 

tissue recruitment and so might easily he attributed to vascular distension rather than 

microvascular recruitment without further tissue recruitment. We wou Id. however. suggest 

that this is not the ease and that vascular recruitment still takes part in the phenomena 

observed even when the tissue space is full Y recruited. Demonstration that this is the case 

demands the use of a capillary surface Marker in the analysis of the data Previous 

observation, utilizing this kind of approach, has indicated that recruitment likely occurs. 

Thus, we found that pulmonary capillary endothelial cell tracer norepinephrine uptake by 

the lungs at rest and at two levels of exercise increased in proponion to the increa..~ in 

blood flow (11). Also, in the transition from a zone 3 to a zone 2 situation in the isolated 

lung lobe (33), obtained by increase in alveolar pressure, there is no change in the 

measured accessible extravascular lung water, but there is a reduction in the rate of uptake 

of serotonin (its endothelial uptake is limited by the capillary permeabili ty surface product). 

These data, like ours, are consistent with vascular recruitrnent if the siz.e of the collapsed 

areas is sufficiently small to a1low diffusionai equilibration of water tracer from adjacent 

perfused capillaries. A realistic three,dimensional sheet flow model of the pulmonary 
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( circulation supports this concept and predicts that local small areas of the alveoiar sheet will 

become unstable and collapse as the alveolar pressure-venous pressure differenee inereases 

(12). The mechanism of vascular recruitment at higher levels of exercise is likely different, 

and may inelude the dislodging of white cell plugs (11). 

An~iotensjo-conyertin& en~me kioeties. The angiotensin converting enzyme 

(ACE) is located at the luminal surface of the pulmonary vascular endothelium, 

predonùnantly in the capillaries. The determinable parameter Amu /Km is a funetion of the 

available ACE mass, whieh in turn is predominantly a funetion of the pulmonary capUlary 

surface area that is perfused (5,39). With increasing blood flow, an increase in vascular 

surface area caused by recruitment (perfusion of more vessels) will cause an increase in the 

measured Amn /Km. Vessel distension can also inerease the vascular surface area, but it 

should not add to the number of ACE sites whieh can interaet with the vascular substrate 

and should theoretically not change Amu. We were not able to measure Amu and Km 

independently since it was technically impossible to do more than one substrate injection 

for each level of exercise. However, numerous studies in the rabbit have described the 

stability of the Km of the angiotensin eonverting enzyme for an analogous substrate, 

benzoyl-phenylalanyl-alanyl-proline (BPAP), in physiologie as weil as pathologie 

conditions. In fact, Km was unaffeeted by variations in pulmonary blood flow and surface 

area (27,39), in blood pH (31) (between 7.1 and 7.9) or p02 (from 10 to 110 Torr). In the 

developing lamb, lung vaseular growth is oot associated with any changes in Km and the 

latter is also not affected by hypoxia (29). It thus seems reasonable to assume that there 

likely was no dysfunction of the enzyme for BPGP during the 15 minutes of exercise in 

this study and that the Km was unaffected, so that the ratio AmuIKm beeomes a valid index 

of the perfused microvascular surface area. On the other hand, in the presence of 

significaot endothelial injury, the Km may (2, 26) or may not (34) he affected. 

As pulmooary blood flow increased with exercise there was a simultaneous and 

quantitatively similar inerease in AmaJK.m (a threefold increase in blood flow with a 
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threefold increase in AmaxlKm, Figure 9). Assuming no variation in angiotensin 

converting enzyme function, the data indicate that exercise under the experimental 

conditions triples the pulmonary vascular surface area that is able to provide ACE activity, 

by recruiting or perfusing new vascular channels. Funher supporting this argument are the 

significant correlations between Amu/Km and the central blood volume, and AmulKm and 

the extra plasma space. 'The extra plasma space is thought to reflect the lower 

mierovascular hematocrit and consequently to increa.se more or less in proportion with the 

mierovascular volume. This is the fllSt time that the ACE substrate BPGP has been used in 

in vivo awake animais. Previous sturues have validated the use of ACE substrates as 

indices of the perfused vascular surface area. In the developing lamb, with BPAP as the 

capillary surface marker, a linear relationship was found between the observed Amn and 

both the morphometrically determined pulmonary vascular surface area and the carbon 

monoxide diffusing capacity (29,30), the latter being expected to be related to and 

determined by the tissue interface between gas and blood, and the lung capillary volume. 

Endothelial œIl damage by PMA or bleomycin in the rabbit also decreases Aroax activity 

(3,34). In isolated lung lobes, Moalli et al. varied airway and vascular pressures in a 

manner which reproduced the various physiologie lung zones and found that the measured 

Amu increased and decreased with corresponding recruitrnent or derecruitment of 

pulmonary capiIlaries (21). High static intra-alveolar pressure (PEEP) is found to reduce 

the fraction of mierovessels perfused (that is, to produce derecruitment), as reflected by 

changes in the Amax /Km ratio (39). 

Increases in the pulmonary vascular surface area in awake subjects during exercise 

have been inferred to occur, with the observed increase in the carbon monoxide diffusing 

capacity with exercise (6); and the increase in sheep thoracic lymph flow with exercise has 

been estimated to resuIt from a tripling in the perfused lung microvascu)ar surface area (8). 

In the present work, there was a linear increase in central blood volume, accompanied by h 

similar increase in Amax /Km. which suggests that the increase in pulmonary blood vol ume 
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with exercise is partly accounted for by capillary recruitment. We cannot readily 

distinguish between large vessel distension and capillary distension and recruitment but the 

magnitude of the changes in Amax !Km indicates that there must he substantial capillzJ)' 

recruittnent with exercise. The pararneter Amu IKmFp does not vary with recruinnent, 

which suggests that the ACE activity within individual capillaries remains the same. This 

confinns the findings of Toivonen et al. (39) and. interr ... stingly and surprisingly. suggests 

that recruinnent occurs in 8uch a fashion that the small vessel or capillary transit time (te. 

Appendix 1) remains more or less constant throughout the lungs, independent of cardiac 

output or pulmonary blood flow. 

We have prefened BPGP to the more commonly used BPAP mainly because of its 

smaller percent hydrolysis in a single pass (55% versus 80% for BPAP), since estimates of 

Arnu IKm become very sensitive to small analytical error when percent hydrolysis is high 

(39). BPAP has been hypothesized to bind slowly to, and then unbind slowly from serum 

album in in a fashion which affects its pulmonary hydrolysis (23). In the introduction of 

the tracer BPGP. we took special care in ,reparing a "plasma free" injection mixture to 

prevent hydrolysis. No albumin was added. Within the transit times found in these 

experiments. there would not appear to have bœn sufficient time for similar slow 

equilibrating protein binding sites to have had any impact on BPGP hydrolysis. since the 

absence of variation in BPGP hydrolysis as a function of the time of passage of the bolus 

in these experiments (Figure 3) indicates that there was not likely such an effect More 

rapid binding and unbinding is possible. Plasma binding has not been explored, because 

of the difficulty imposed by ongoing hydrolysis. The "plasma free" injection mixture 

avoided hydrolysis of the BPGP in the injection mixture by plasma ACE. The Percoll 

separation of the erythrocytes and the subsequent washings resulted in disappearance of 

detectable ACE activity from the injection mixture. the fractional toluene extraction of the 

injection mixture at the end of the procedure heing similar to frs (the fractional toluene 

extraction of pure unhydrolyzed substrate). 
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We measured in vitro dog serum ACE activity using PH]BPGP as substrate 

(Appendix 2, Figure 10). Serum hydrolysis of BPGP proceeds in an exponential fashion 

with a single rate constant of 0.0167 sec-1• Ifwe extrapolate to in vivo conditions, within 

the mean transit tirne of our experiments Oess than 10 sec, including collecting times), we 

would expect to have seen around 5% hydrolysis of BPGP by plasma ACE, if the activity 

in the bolus had been aeted on by plasma ACE, at nonnallevels of activity. Thus, if the 

frrst pass hydrolysis is of the order of 55%, the plasma hydrolysis will he expected to 

contribute, on average. perhaps an additional 5% or less, and thus perhaps 10% of the 

total. Thus the plasma ACE contribution to BPGP hydrolysis is expected to have been 

relatively smalt. The idea is supported by the flat aspect of the fraction al hydrolysis plot 

(Figure 3). If plasma ACE had played a substantial mIe, we would have expected the 

hydrolysis to increase substantially at larger transit times. 

A potential source of error in the computation of ACE kinetics with the toluene 

extraction procedure would accur if an erroneous frp (fractional extraction of product) had 

been utilized (4). To prevent tbis, we utilized the same stock solution of [3H)BP for all 

experiments and measured frr recurrently through the study. We found no systematic 

variation in frp with time; the mean value was 0.61 ± 0.0l6(SD). 

Conclusions arisin& from this study. The increase in pulmonary blood flow 

induced by exercl3e is aecompanied by a simultaneous increase in the central blood volume. 

ln the transition from low to moderate levels of blood flow, there is a recruitment of lung 

vasculature which is accompanied by lung tissue recruilment With further increase in 

blood flow, despite the faet that aIl of the accessible lung tissue is being perfused, there is 

nevertheless further pulmohloW y microvascular recruitment The manner in which the 

inerease in pulmonary volume is accommodated with increase in blood flow with exercise 

is not completely resolved by trus study. It does indicate. however. that capillary 

recruitment takes place aemss the whole range of flows. and that, because of the magnitude 

of the change in the fU'St order kinetie pararneter A ... 1K.n with exercise. a liubstantial 
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proportion of the vascular volwne change with exercise must be nticrovascular rather than 

macrovascular. The exact mechanism of recruitment remains to be defmed. The 

phenomenon appears to result from a complex interplay between alveolar pressure, 

vascular pressures and forces retaining and/or driving leucocytes through the lung 

microcirculation (22). 

Are there alternative explanations? The present studies need 10 he compared to the 

set of studies canied out with BPAP by Dawson et al. (10) and Linehan et al. (23). They 

have aIso ohserved, with BPAP, that the fractional utilization is relatively stable, and have 

inferred that there is a mixture of two interconvertible fonns of BP AP, one of which is 

immediately highly metabolizable, and the other only after a prolonged interconversion 

time. They have therefore argued that A"JK~p is large enough that almost all of the 

metabolizable fonn ofBPAP is used up in a single passage, and that the unconverted 

remainder is initially unmetabolizable. These investigators have bolstered their hypothesis 

by presenting an in vitro study of hydrolysis of BP AP by commercially prepared ACE, 

which exhibits both a larger early rapid and a smaller late slow component to the hydrolysis 

(10). 

It was therefore of interest to examine, in the present instance, the hydrolysis of 

BPGP by ACE, prepared from dog lung. Dog lung acetone powder, 1 g (Sigma Chemical 

Corp.), was mixed with 35 ml of 0.15 M NaCI containing 0.1 % Nonidet P-40. The 

mixture was incubated at 370C for 1 h and then centrifuged at 10,000 g for 30 min. The 

pellet was discarded. The supematant was ûialyzed in 5 mM potassium phosphate buffer, 

pH 6.8 for 16 h. The precipitate that formed during dialysis was removed by 

centrifugation at 2000 g for 10 min. The resulting supematant was applied to a 3 ml 

column of DE-52 cellulose (Whaunan) equilibrated and developed with the potassium 

phosphate buffer. After unretained proteins were eluted, ACE was eluted using 0.25 M 

potassium phosphate buffer, pH 6.8, containing 0.5 M NaCI. The ACE-containing 

fractions were pooled, and the resulting solution (about 12 ml) was dialyzed in 20 mM 
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Hepes buffer, pH 7.0, containing 0.5 M NaCI. The dialyzed solution was applied to a 6 

ml column of N-[1-carboxy-2-phenylethyl]-L-Lys-L-Pro coupled via its epsilon ami no 

group to Sepharose CL-4B as described by Pantoliano et al. (28). The column was 

equilibrated and washed with the dialysis buffer. After uruetained proteins were eluted, the 

column was rleveloped with 0.1 M sodium borate buffer, pH 8.9, and ACE was eluted Hl a 

volume of9.5 ml. The ACE pool was concentrated to 1 ml by centrifuga] ultrafiltratlOll 

(Centricell, MilIipore Corp.). ACE was recovered in a yield of about 17 ~g. A 2 ~g 

sample behaved as a single substance on SOS PAGE, Mr 150,000. 

The reaction of dog lung ACE with 3H-BPGP was then studied. 3H-BPGP, 7 ~CI 

at 20 Ci/mmol, was added to a 20 mlliquid scintillation vial containing 4 ml of 50 mM 

Hepes buffer, pH 7.5. with 0.15 M NaCl. To a separate 20 ml vial, 200 ~ of dog lung 

ACE was added. Both vials were heated at 370C for 10 min. At time zero, the contents of 

the tirst vial were poured into the second, and the resulting mixture was poured back into 

the flJ"St vial. The l,ltter was incubated at 37oC. As quickly thereafter as possible, a 200 ~I 

sample of the reaction mixture was transferred to the frrst of a series of 20 ml vials, each of 

which contained 1.0 ml of 0.1 M HCL Subsequent timed samples (200 ~l) were collecte<! 

and transferred to their respective HCI-containing vials over the next 140 seconds. At the 

end of 10 min of incubation, each of the HCI-containing vials received 1.0 ml of toluene 

containing Omnifluor, 4 glL The vials were capped, inverted twenty-times and then 

submitted for liquid scintillation counting. The toluene-extractable 3H of each vial was 

counted for 10 min in each of eight counting cycles performed over a 60 h period. The 

vials were then uncapped, and 15 ml of the aqueous-miscible scintillation cocktail Scint A 

(packard Instruments) was added to each. The vials were recapped and inverted until a 

single phase mixture was obtained. Liquid scintillation counting was repeated (four cycle!. 

of 10 min per vial) to quantify total 3H in each vial. A separate incubation was perfonned 

in which 200 ~ of the assay buffer was substituted for dog ACE. This 'blank' incubation 

enabled an evaluation of the behavior of unhydrolyzed 3H-BPGP in the above-described 
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extraction and counting procedures and provided a value for fractional extraction of 

substrate, fr •. In a third experiment in which dog ACE was reacted with 3H-BPGP for 18 h 

at 37"C, the toluene-extractable 3H was taken as the fractional extraction of product (frp). 

Timed results from the dog lung ACE experiment were computed via the integrated fonn of 

the fifSt order rate equation, modified to take into account frp and fr.: 

[~:] t = In(U~) 

= ln [((frp - frs) Utot) 1 
((frp UlOl) - E) 

where V max is the maximal in vitro rate of conversion by the enzyme, in this case, Ulol is 

total 3H in a given vial, E is toluene-extractable 3H, u/Utot is the fraction of substrate 

remaining at a given sample collection time, and t is the time. 

Results are shown in Fig. 10. In this case, the reaction of 3H-BPGP with dog lung 

ACE proceeds to completion, and the reaction obeys a single fmt order rate constant 

throughout its course. There is no evidence for a late slower component to the hydrolysis 

reaction, over a lime course similar to that explored by Dawson et al. (10) for BPAP, 

particularly for one with a magnitude corresponding to the fraction of BPGP not 

hydrolyzed during a single pass. The in vivo analysis of our 3H-BPGP experiments has 

therefore been carried forward in a direct fashion. It is reassuring that the conclusions of 

the present study and the examination of tracer norepinephrine uptake during exercise (11) 

are consonant, that both indicate that pulmonary vascular recruitment not only occurs with 

tissue recruitment during exercise but a1so continues after pulmonary tissue recruitment is 

complete. 
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FIG. 10. The reaction of PH]BPGP with dog lung ACE. The time course proceeds in an 

exponential fashion, with a single rate constant, V _.!Km. 0.031 S-I. 



APPENDIX 1 

KINETICS OF TIIE ENZYME-CAT AL YZED CONVERSION OF TRACER 

SUBSTRA TE TO PRODUCT. AT THE INNER SURFACE .JF 1HE CAPILLARY 

ENDO'mELIAL CELLS (mAT IS. AT mE WALL OF nIE MICROV ASCULAR 

LUMEN). IN THE ABSENCE OF AN ENZYMIC SPACE EFFECT. 

Descripuon of eyents aloOI a siOlle microyascular channel. Consider that, at the 

margin of a capillary (the ACE activity is associated with the endothelial cell glycocalyx), 

substrate u combines with Cree enzyme e to fonn an enzyme-substrate complex eu with the 

rate constant ka. and that the complex either dissociates to fonn e and u with the rate 

constant kci or proceeds to form product p in an irreversible manner, with the rate constant 

kcalt viz .• 

t. kat 
e + u ~ eu -+ e + p 

kct 

In the reaction case being considered, the enzyme e and the enzyme complex eu are attached 

to the inner surface of the vessel. whereas precursor u and product p move along with 

plasma flow Fp at the velocity W, in a capillary with cross sectional area for plasma Ar' 

constant circumference De, and with the ratio of capillary surface area to contained plasma 

volume Del Ar =~. The capillary is of such small dimensions that diffusional cross 

sectional equilibration is expected to be so rapid tbat ail of u is available to e, at each point 

along the length. 

In the following development, for a capillary surface removal process, 

concentrations (in square brackets) are therefore of two kinds. For precursor u and product 

p, which are free in plasma. they are of the usual dimension (moles/unit plasma volume), 

whereas for the surface-bound enzymes and enzyme-substrate combinations, they are of 

the dimensions (moles/unit surface area). The latter. wben multiplied by ...., will be 

expressed in equivalent moles/unit plasma volume. 
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Now define the Michaelis constant Km of the reaction from either the rate constants 

of the reactions or the concentrations of the species under consideration. 
K =~+kcà =[e][u] 

m ka [eu] 
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( A:2) 

and the total enzyme concentration [eJ as, 

[eJ = le] + [eu] .. (A3) 

from which, 
[eu] [eJ 
ru) =[u]+Km 

The association of substrate with enzyme results, kinetically. in a space effect, like that 

imposed Dy exchange with a parallel addition al compartment, whereas for product, which 

is released but does not recombine, no such effeet will he present. The effect has been 

termed an enzyrnic space effeet 06,17). 115 incremental magnitude above the vascular 

space is expected to he dictated, in this instance, by the ratio flleu]/[u]. It varies between 

two extremes: 

(a) When fu] -+ 0 

.(A4) 

~ [eu] -+ ~ [eJ 
lu] [KmJ 

... (A4A) 

and 

(b) When ru] -+ 00 

~[eu] -+ 0 
lu] 

.. (A4B) 

In the present investigation a radiochemical (that is, very low) concentration of 

substrate was utilized, yet the experimental finding is that the mean transIt urnes of labeled 

albumin and of totallabeled substrate plus pnxluct activity do not differ in any detectable 

fashion, and the mean transit tirnes for labeled albumin and labeled substrate also do not 

differ. There is, then, no measurable enzymic space effeet in the system and there is, 

concomitantly, no perceptible additional delay attributable to the creation and release of 

product. The lack of an observable enzymic space at radiochemical concentrations indicatcs 

that either the conce Icration of enzyme is SJTI:li1 01 the Km for BPGP IS quite large. WJth 
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reference to the latter possibility, it is of inlerest that the Km for BPGP hydrolysis by rabbit 

lung homogenate ACE is approximately two orders of magnitude higher (36) than that for 

benzoyl-phenylalanyl-alanyl-proline (BPAP), for which an enzymic space effeet has been 

reported (24). 

To gain insight into this problem, we will examine what is expected in the steady 

state (this case is what has usually been treated in the past), how tracer is expected to 

behave within this steady state, and what the expected asymptotic fonn of this behavior is, 

in the low concentration extreme. 

Stead)' state behayior. First consider the long time response to a steady infusion of 

concentration [Uo] at the inflow, when a steady state has been established. Then, 

and 

kaJ! [e] [u] - (kci + kcat) [eu] = 0 

w ~:] = - ka ~ [eHu] + kciJ1[CU] 

w d[p] = kcat J1[eu] 
dx 

From equations (A5) to (A 7), we fmd, 

fx-( [u] + [p]) = 0 

or ru] + [pl = constant. 

Hence, since [u(O)] = [uol, and [p(O)] = 0, 

ru] + [pl = [no] 

The total of bulk precursor and product concentrations in the plasma space 1S expected to be 

constant along the length. 

From the foregoing, we find that 

ITu] + Km] d [u] = _ JÙCcat [eJ dx 
l- lu] VV 
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Integration indicates that the expected underlying concentration of precursor [u J, at any 

point along the length, will he defined by the relation, 

[u]-[u.] + Km{ln[u]-In[u.Jl = -~ f [e,]!lx 

which may he recast into the highly implicit form, 

1
& 

_ JJ.ka& [eù ch 
[u]=[Uo]e W[û]+Km 0 

where [û] = [110] - [u] 
ln [110] -In Eu] 

is a logarithmic average. And from equation (A8), 

_ l.Ilrœ [eJ dt ( f&) 
[p]=[Uo] J-e w[ûJ+Km 0 
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... (A 11) 

... (A 12) 

The integral on the right hand side of the two foregoing equations indicates that, for the 

nonuniform enzyme distribution case, the outflow concentration depends only on the total 

amount of enzyme in the system, not on its longitudinal distribution, whereas the 

lengthwise spatial concentration gradients will depend on the distnbution of enzyme. In the 

uniform enzyme distribution case, where [eJ is constant along the length, the expression 

J.ÙCcat[ eJ can be set equal to V max' the maximal conversion rate for substrate, which will 

now he constant alnng the length. 

Tracer behaviour. The general set of equations goveming the conversion of tracer 

substrate u* to tracer product p* alûng a capillary of length L (0 < x < L) are. 

~u*] +w~u*] =-ka J.1(e][u*]+kcJJ.1(el.*] 
dt ax 

~e] = _ ka J.l[e] (u*] + (kci + kat) Il (eu·] 
dt 

_J.Lê{_e_u*_] = ka J.l[e](u*] - (i<d + kat) J.l[eu*] 
at 

~p*] + Wa::p*] = kcat J.L(eu*] 
at dX 

... (A13) 

... (A14) 

... (AIS) 

... (A16) 
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In this instance we will examine the tracer within a steady state situation, the 

behaviour of tracer within the system when it is in steady state with respect to bulk, as 

outlined earlier. The tracer input to which the system response needs to be found is that of 

an impulse input al time zero, that is, 
• • 

108 

[u*{x,O)] = 9Il8(x) = ~ 8 (.A.:) 
Ar Fp W 

... (AI7) 

where ~ is the amount of tracer introduced. Ar is the mean plasma cross sectional area of 

the capillary, W is the velœity offlow, and ArW = F.,. the plasma Dow rate along the 

capillary. 

The general solution to the system bas been explored elsewhere, together with the 

behavior of various limiting solutions (l5). In the exueme where the enzyme concentration 

is so small thal il cannot he perceived, in terms of a space effect, and where the dispersion 

of neither substrate nor product increases as a resuit of the enzymic mechanism (this occurs 

when k. and kct are very large, and when, simultaneously, there is no perceptible enzymic 

space effect), neither tracer substrate nor tracer product will be expected to he delayed with 

respect to a simultaneously introduced vasculartracer, propao'iiting with the velocity W. 

The expected outflow profiles at the exit (x = L) are, then, 

• _..i{ ~ } l'[eLl dx 
[u*{L.t)] =.9Q.e W ['3] +Km 0 8(t-.L.) 

Fp W 

and 

[ il J • _ l.Ikc:. [cil ch 

[pt(L.tD =:' 1 - e WI [a] + Km 1 • a( t - ;'1 
p 

where [û] is the underlying logarithmic average space concentration, defmed by the 

expression, 
[~]= [u(O)]-[u(L)] 
u ln [u(OD -ln [u(LD 

and where again [u(O)] is the underlying steady state input concentration and u(L), the 

output concentration. The labeled product emerges as an impulse function propagating 

... (AI8) 

... (A19) 



..... with the same speed as that of substrate, and it is built up at the same rate as the substrate is 

consumed. The SUIn of labeled precursor plus substrate is equal to (q~p) at each JX>int 

along the length, at the tirne it is present It corresponds to the profile expected for a 

reference substance, which does not leave the capillary. 

Il should he noted that the outflow depends again only on the total amount of 

enzyme dispersed along the single channel and not on the nature of its distribution along the 

length. If the enzyme concentration is unifonn along the length, the exponential assumes 

the fonn, exp[-(~[eJ/{[û] + Km}) (IlW», where ~t[eJ corresponds to Vmu• the 

maximal rate of conversion which can he achieved by the enzyme, and (U\\') is the 

capillary transit time. With this change, the exponential bas the form, exp[-(Vmax/{[Û] + 

Km}) (I.IW)]. 

The proportionalloss of tracer from the substrate impulse and gain in tracer by the 

product impulse is dictated by the underlying buUc substrate concentrations. The fractional 

loss rate saturates (tbat is, diminisbes) with incre~ in the underlying concentration of 

substrate. 

In the extreme where there is only tracer (that is. when u ~ 0). the outtlow 

responses become, for the unifonn enzyme distribution case, 

tC9 

... (A20) 

and 

This is the set of expressions whicb we assume applies 10 the conversion of radiochemical 

levels of substrate during its passage along the capillary. When utilizing these expressions 

to analyze data, we intrinsically assume that contributions to hydrolysis by plasma ACE 

and any conversion by the quantitatively less important ACE activity in the endothelium of 

the small feeding and draining vessels are minor. 

... (A21) 



The V max (mol.ml-1.min-1) expression has also been regarded from another point 

of view. It has been set equal to the quotient of the total activity in the capillary, Amax 

(mol.min-I ) divided by the total capillary plasma volume, A,L or VI" The exponential then 

becomes exp ( -(AmaxNpKm)(Vp/Fp)} or exp ( -(AmuIKmFp)}. The ratio (AmaxNp) allows 

one to develop expectations conceming the effect of capillary distension. Capillary 

distension, if it occurs, will not be expected to affect the total enzyrnatic substrate change 

effected in the capillary plasma, although it will increase the capillary volume, and hence 

the ratio (AmaxNp) will decrease with distension. Correspondingly, the ratio (VrfFp), by 

which il is multiplied, increases, and the expression exp{-(AmaxIKmFp)} will remain 

unchanged. There will thus be no expected change in the metabolism rate with distension 

unless accompanied by a change in plasma flow rate. The predicted lack of change in 

extraction with change in microvascular volume has previously been observed in the liver 

(14). In the absence of change in flow, the extraction of tracer norepinephrine by the liver 

has br.en found not to change in the face of a significant reduction in sinusoïdal volume, 

induced by sympathetic stimulation. 

Wbolc rn:pn madelin,. The multicapillary model developed by Rose and Goresky 

(35) has been utilized by Rickaby et al. (32) to account for the influence of perfusion 

heterogeneity on indicator extraction by the lungs. The modeling was based on the fmding 

that, on a semilogarithmic plot of outflow dilution data from the heart, there was, between 

the reference vascular material and a substance being lost from the capillaries, a progressive 

upslope divergence, which varied with the state of coronary tone (32). and that with the 

large dose bolus approach developed to examine metabolic changes during passage through 

the pulmonary vasculature (32), a sunilar kind of heterogeneity was required to fit the data. 

The underlying idea developed was that, in these organs, the sequence of average capUlary 

transit times observed at the outflow tc:(t) was a linear function of elapsed time. Utilizing 

this kind of approach, one would expect, in the present study, 
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ln [ CRee( t) ] = [Ynm.] 't c (t) 
CBPGP(t) Km 

... (A22) 

where CRer(t) is the labeled albumin outflow curve and CBPGP(t) is the labeled BPGP 

substrate outflow curve. 

The whole organ capillary modeling as previously developed, is expected to have 

the general form, 

qt) = ~ l' (F:)[u IL. t- tl(t))] w[t.(t) + t1(t)] dt ... (A21) 
'tlm-t'tem qo 

where q* is the total dose of tracer, F is the total plasma flow through the organ, 'te and 'CI 

are the average of the capillary and large vessel transit times at the time t (their sum is, of 

course, equal to the outflow time t), 'tem and 'tlm are the minimum capillary and large vessel 

transit limes, respectively, and w ['tc(t) + 'tl(t)] represents the proportion of capillary-Iarge 

vessel units with transit times between [tc{t) and tl{t)] and [tc(t) + 'tl(t)+ dt] (the outflow 

prome for the plasma reference material provides this weight function), and where 

't c (t) = 'tcm + b (t - 'tlm - Tan) ... (A23A) 

and 

't 1 (t) = 'tlm + (1 - l) (t - 'tlm - 'Tan) ... (A23D) 

The dimensionless parameter b can vary between 0 and 1. It partitions each increment in 

transit time between the exchanging (reactive capillary) and nonexchanging larger (conduit) 

vessels, the latter being regarded as essentially metabolically nonreactive. When b is one, 

ail of the increment in transit lime occurs in the microvasculature, as t is increased; and 

when b is zero, none of the increment is found in the microvasculature (aU of it occurs in 

the large vessels). 

From the foregoing we would expect, for the vascular reference, 

and for the labeled substrate, 

... (A2tl) 
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... (A25) 

In the set of accompanying experimental data, the fractional hydrolysis Mi did not 

change significantly as a function of outflow time. Therefore, if the hydrolysis process is 

as described by the modeling, the apparent microvascular transit time te(t) does not vary 

significantly as a function of time during the recording of a dilution curve at any of the 

cardiac output levels observed. The parame ter b must therefore be zero, and the 

microvascular transit time therefore appears to he a constant value, te. This, in tom, is 

expected to be equal to Vpl Fp, and the inference is, surprisingly, that this is a relatively 

unchanging parameter, along the dilution curve. H the altemate Amax notation is utilized in 

the development, equation (A25) becomes 
_[Amax] 

CBroP(t) = e KmFp Crec(t) 

and the expression for product 

CBrtt) = (1- e -[~])Cec(t) 

... (A25A) 

... (25B) 

... (A26) 

Since Km is likely to be independent of flow, the ratio Am.,/Fp puts the problem emerging 

from the data squarely into view. The inference of the experimental findings is that the 

ratio of the total maximal enzymatic activity to plasma flow, in the microvascular vessels 

which are perfused, is relatively constant along the outflow dilution curve and is thus likely 

aIso to be relatively constant throughout the lungs. Extraction is dependent only on the 

total amount of surface related activity and the flow. 

The relation resulting from equation (25) is, then 

ln [ Gu(t) ] _ Amax 
CBPGP( t) - KmFp 

Hence we can find AmaxlKmFp for each experiment In the expression on the right hand 

side of equation (A27), we know Fp, for the whole lung. Therefore we will be able to 

... (A2?) 



explore, over the whole group of experiments, how AmaxlKm varies with cardiac output 

and, since Km is expected not to vary with flow, how total enzymatic activity (which we 

expect to reflect capillary surface area) varies with flow. 

APPENDIXII 

Doo SERUM HYDROL YSIS OF DPGP. 

To evaluate the potential impact of hydrolysis of DPGP in blood. due to plasma 

ACE, we carried out an in vitro assessment of the process. The following procedure was 

carried out. 

To a 20 mlliquid scintillation vial, containing 5.2 ~Ci of [lH]BPGP (2.6 x 10-10 

mols) in 5 ~ of 70% ethanoI, was added 500 ~ of buffer (0.2 M Hepes buffer. pH 7.5, 

containing 0.15 M Nael). To a second vial was added 2000 ~ of dog serum. Two vials 

were heated in a 370C water bath for 10 min. At time zero, the contents of the second vial 

were poured into the first vial, and the resulting mixture was poured back ioto the second 

vial (rmal serum concentration of 80%). While incubation of the second vial at 370C was 

continued, 100 ~ sarnples were collected at predetennined time intervals over 4 minutes. 

Each 100 ~ sarnple was transferred to a corresponding 20 ml vial containing 1100 JÙ of 

0.1 M Hel. To each of the latter vials was added 1000 ~ of toluene containing Omnifluor, 

4 g/l. The vials were capped, inverted 20 times and then submitted for liquid scintillation 

counting (4 cycles of 5 min per vial). The vials were then uncapped and 15 ml of Scint A 

was added to each. The vials were capped and inverted 20 times to obtain a single phase. 

The vials were again submitted for counting (4 cycles of 5 min/vial). Results were 

computed as usual to obtain ln ([So]/[S]), and u/Ulot was taken as the inverse of the antilog. 

Figure Il shows the plot of u/Utol as a function of time. [3H]BPGP hydrolysis 

proceeds in an exponential fashion with a single rate constant of 0.0167 sec-1. The 

hydrolysis occurs very slowIy compared with that occurring during a single pass through 
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FIG. Il In vitro angiotensin-converting enzyme ldnetics in dog serum. The time course 

for (3H]BPGP hydrolysis proceeds in an exponential fashion, with a single rate 

constant, V mu/K", = 0.0167 S-I. 
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the lung. We can estimate from Figure 10 that there is only 5.6% BPGP hydrolysis after 

10 sec of in vitro incubation. This is quite small when compared with the 55% in vivo 

hydrolysis occurring in a transit time of usually less than 5 seconds. We also note that 

there is no suggestion over the tirne course of the plasma hydrolytic reaction of a second 

slower phase, corresponding to the proportion not hydrolyzed in the pulmonary circulation 

during a single pass. 
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CHAPTER 4 



GENEkAL CONCLUSION 

We have used the metabolic properties of the pulmonary vascular endothelium to 

study the accommodation of increased pulmonary bl<XX! flow by the lungs with exercise. 

Two different probes of the vascular surface area were utilized: [3H]norepinephrine. a 

substance extracted by the endothelium, and [3H]BPGP, an angiotensin-converting enZ)111e 

substrclte hydrolyzed at the luminal surface of the vascular endothelium. The estimatcd 

vascular surface area for these two different metabolic properties of the vascular 

endothelium behaved similarly in the exercising dog. In the transition from low to modcrate 

and 10 high levels of blood flow there was a calculated linear increase of the pulmonary 

vascular surface area that can interact with vascular substrates. Such an increase suggests 

that capillary recruitment does occur in normal physiologie conditions such as exercise, and 

that recruitment is present over the whole range of cardiac output achieved, continuing to 

occur even after full1ung tissue recruitment 

The use of vascular endothelial metabolic properties to assess recruitment of pulmonary 

vascular surface represents a novel approach 10 the study of the pulmonary microcirculatory 

physiology in awake animais. In the foreseeable future, the pulmonary surface area tracer 

substances may play an increasing J'Ole in fundamental as well as clinical research. There 

are numerous pathological situations in man, in which the integrity of the metabolically 

active surface area of the pulmonary vascular endothelium is compromised. The adult 

respiratory distress syndrome, to name only one, represents probably the most important of 

these diseases. The development of better surface ma ttacers together with the 

simplification of the techniques for their use will undoubtedly lead to new clinical 

applications in the future. 
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( CLAIMS TO ORIGINAL RESEARCH 

In the present studies we lOOk advantage of the pulmonary vascular endothelium 

metabolic properties to study changes in the pulmonary vasculature with exercise. Such an 

approach has been used before but this is the fust time that it has been used in in vivo 

awake dogs at rest and during exercise. 

1. CLAIMS TO ORIGINAL &ESEARCH FOR CHAPIER 2 

1.1 This is the fll'st time that norepinephrine or any other extractable tracer has been 

used to study changes in the pulmonary capillary surface area in awake exercising 

animaIs. This is also the farst account of the behavior of the pulmonary capillary 

surface area (PS) product during exercise. 

1.2 Because of the behaviour of the ttacers in blood, very special precautions were 

taken 10 avoid any significant interaction of [3H]norepinephrine with the animal's red 

blood œlls. The labeled norepinephrine was added to the bolus mixture just prior to 

injection, the samples were collected on ice. and cold norepinephrine was added to 

each collecting nlhe to act as a competitive inhibitor of the red blood œIl uptake of the 

catecholamine, prior to addition of a protein precipitant mixture. 

1.3 Pulmonary norepineprine extraction can he measured by assessing labeled 

substrate uptake by dilution techniques and by simply measuring the arterio-venous 

difference in norepinephrine concenttation (bulk extraction). Neither of these 

techniques, by itself, accounts for the possibility of norepinephrine production by the 

lung itself. To examine this, we measured dilutional and bulk norepinephrine 

extractions simultaneously; no significant differences were found between the two 
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estimates, indicating that unlabeled norepinephrine release by the lung, if present, 

proceeds at levels too low to be detected. There was net uptake, as assessed by bath 

indices. Production would have shown up as a difference between the two. 

2. CLAIMS TO ORIGINAL RESEARCH FOR CHAPIER 3 

2.1 This is the flfSt lime that the angiotensin-converting enzyme substrate [lH]BPGP 

has been utilized to study the pulmonary vascular surface area in awake exercising 

animaIs. 

2.2 Special techniques had to be developed to minimize the contact of [3H]BPGP 

with plasma angiotensin-converting enzyme and plasma proteins. The Percoll 

separation of the red blood cells prior to labeling ensured a plasma free injection 

mixture and aIso enabled us 10 utilise labeled erythrocytes as one of the vascular 

references. 

2.3 By additional in vitro studies we have demonstrated that, within a single transit 

time through the pulmonary circulation (approximately 5 sec), il is unlikely that 

plasma ACE contributed significantly to the overall [3HJBPGP hydrolysis observed. 

We have aIso demonstrated that in vitro hydmlysis oi [3H]BPGP by either dog 

serum or dog lung ACE follows a single rate constant Consequently, and unlike 

BPAP, there is not evidence of two conformers of [3H]BPGP, one of which is 

limiting, and protein binding (if it exists) does not substantially interfere with the 

activity of the enzyme. 
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3. CLAIMS Ta ORIGINAL RESEARCH PERTAINING TO Born CHArTER 2 

AND 3 

3.1 An animal model specifically suited for indicator dilution experiments in awake 

exercising animaIs was developed. This chronically instrumented dog model enabled 

us to obtain pulmcnary indicator dilution curves al exercise and to draw simultaneous 

arteriai and venous blood samples for catecholamines and blood gas analysis. 

3.2 The waler space tracer [l4C] 1,8-octanediol was used for the rrrst time in awake 

exercising animais. This tracer has been shown previously to be a better tissue water 

space tracer than tritiated water itself since the latter has a small diffusional shunt 

through the alveolar space; the mean transit time for both is the same. The calculated 

extravascular lung water (an index of the perfused lung tissue) increased in the 

transition from rest to the frrst level of exercise, and reached a maximal vaIue which 

was maintained in the transition from the rust to the second level of exercise. 

3.3 Gravimetrie estimates of the extravascular lung water were obtained by estimating 

the postmortem lung water according to dilution principles, by homogenizing the 

lungs, estimating the water content, and utilizing the retained [SlCr] to estimate the 

contained vascular space. 

3.4 We have shown that when comparing dilutionaI to gravimetric estimates of the 

extravascular lung water, one has to consider that the tracheobronchial tree is supplied 

by the bronchial circulation and is consequently not accessible to tracer injected in the 

pulmonary circulation. To correct for this we subtracted the weight of the 

extrapulmonary tracheobronchial tree from the totallung weight. ln vivo eSlimates at 

high level exercise then corresponded closely to postmortem gravimetric estimates. 
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3.5 The major findings of this work are based on the utilization of pulmonary 

endothelial metabolic propeI'des to study the pulmonary vasculature during exercise. 

This represents a novel approach to the study of pulmonary vascular physiology. The 

two different tracers utilized, labeled norepinephrine and BPGP, behaved similarly; 

the computed penneability surface area product per unit lung weight for 

norepinephrine and the flfst order kinetic parameter Amax/Km per unit lung weight 

for BPGP both increased linearly with increasing pulmonary blood flow. The uptake 

of these indicators is limited by the metabolically available capillary surface area. For 

each, analysis of the data indic.lted that the capillary surface area tripled as pulmonary 

blood flow tripled. The findings indicate that lung capillary recruitment occurs 

concomitantly with lung tissue recruitment, in the change from rest to first level 

exercise, and that futher capillary recruitment continues to occur with the increase in 

flow from Îlrst to second level exercise, when lung tissue recruitment is already 

complete. The change in calculated capillary penneability surface area with exercise 

parallels the simultaneously observed change in central blood volume. 
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