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©  laboratory for these functional studies.

.‘ .~ -
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The clinical importance of pulmonary infection in the. post- ‘
operative or traumatized surgical patient is well known. .
Likewise, its close association with multiple organ failure
is becoming increasingly known. In order to examine scme of I
/ ‘ ¢
o S

the etiologies, we designed a model which would reflect a

- cammon clinical problem thought to predispose the lung to
infections, that is, atelectasis., This necessitated a thorough
review of the lung Vefense systems and particularly, the local
Iung inm?oldgy. In our experiments, we found that bacterial j
clea;'ancé in the atelectatic lung.was depr&sseé versus the
control. By canmnulation of the right lymphatic duct, we .
dexrog:trated that infectignvand \é'xtelectasi; created a high
permeability . Our morphologic and function studies of
the alveolar macPophage revealed it is uniquely adaptable
to the relative l'ﬁ;ypoocia’of collapsed airwvays. We found that
alveolar macrophages from the atelectatic lung had depressed
chamta:us, but increased phagocytosis and bactericidal capacity.
The resdfts implicate a méchanica}l‘- change rather than a -

cellular, immmologic one as primary reason for decreased
bacterial clearance. )

We examine and discuss the bacterjal aspects of setting up a
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ABSTRACT ’ <
I.'/inlportance c;inique des infectioﬁns pulmonaires chez les
patients en &tat post-op&ratoire est bien cor;;xﬁe. De méme,
son' association avec insuffisance de multiples organes est
reconnue de plus en plus. ‘Afin d'é&tudier ces phenom&nes,
rous Navons devéloppé un mode&le que represénterait un pro--

bl2me clinique commun reconnu pour pr&disposer les poumons

aux infections, c'est-2-dire, atelectosie. Ceci a nécessité
une revue compléte des syst®mes de défense des poumons et

particﬁliérement 1'immunologie pulmonaire locale. Lors de

o

. nos exp@riences, nous avons constaté que l'élimination

bactérienne dans les pg/:umons atélectotiques &tait diminuée,

lorsque comparée a un contr8le normal. En cannulant, le
canal lymphatique droit, nous avons démontré& que 1'infectio/rL
et liatelgctosié provoquaient un oe@éme pulmona:':re non- : .
céfdiogéne. Nos &tudes morphologique et physiologiques

des macrophages alvéolaires ont r&vE&lé que ceux-ci sont unique-
ment adaptables 3 la carence relative d'oxyg®ne dans les voies
respiratoires effondrées. Nous avons démontr& que la motilit#
des macrophages alvéolaires retrouvés dans les poumons at&lect-—
qtiques était diminufie mais leur activité& phagocytique et bac-

téricide Etait augment&e. Les résultats obtenus tendent a

o

" montrer gue la dimunution ‘de l1l'&limination bactérienne provient

1 €
plus d'une modification mécanique gque cellulaire ou immunolo-:

gique. Nous examinons et discutons les aspects technigues de

4

la mise sur pied d'un laboratoire pour ces études functionelles. )
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PERSPECTIVE

They (bacteria) will invade and replicate if
" given the chance, and some of them will get :
into our deepest tissues and set forth in the
blood, but it is our response to their presence
4 ) that makes the digease. Our arsenals for
: . fighting off bacteria are so powerful, and
! involve so many different defense mechanisms, .
' that we are in more danger from them than from "
———  the-invaders. We live in the midst of explosive !
devices; we are mined (172),

PR S ——— . -

-

These words apply to normal individuals in normal situations;

« T D 2 PR

but surgical patients are not normal nor is, the situation.

Indeed, as we learn more about the effécts of any of man's

s eI T M T

interventions on man, "normal" seems rarer and more distant.

And nowhere is this more true than in the lung. .
: . . L ,
The lung is a um.que "internal” organ, with the greatest
. exposure to the external enviromment. We discover with '
|
increasing regularity that the environment contains large .

- numbers of microbes, large-numbers of particles of inorganic

and organic plant material; and industrial wastes either in

! ' gas or solid states.

7

» It is surprising there_ is not more morbidity and mortality J
in the ;omal individual who is constantly bombarded by.these

¢ particles, breathiﬂg an average of 29,000 times a day for a
total exchange of roughly 20,160,000 mls of air. An estimated

Q : 10-20,000 microorganisms are inhaled per day in an average

man of which the majority are airporne bacteria and fungi ( 88),
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Unfortunapely, we are now discovering-that even normal
respiratory systems are greatly affécted in numérous
situations., The debilitation and lethality of some of
these subgtances, particularly microbes, is even greater
in the immunocompromised person, or in persons whose
defenses are\altered}by some intervention.’

4

'

The congenitally afflﬁic’t’é‘d; the malnourished, the tramtized

all are at higher risk for respiratory disease that could be
fatal, For surgeons, the latter two are ofl particuiarl’

\
interest as the two are often combined in a patient who is
unable; to take adequate nourishment, and who must }mdergo
surgical intervention for a life-threatening disease process.
Even the patient with less urgent diseases that require
elective surgical intervention have insults and alterations
on their respiratory system that can have led 'to serious '
complications. In these groups, our interest is often

focused on the antimicrobial capability of the ﬁpper ‘and.

lower respiratory tract for good reason.

A recent study from louisville (50 ) places the magnitude
of the problem in perspective, as they examined the causes

of post-traumatic pulmonary insufficiency in man. Their

e

study involved 399 patients admitted to their surgical

.y M
service with\an illness or injury involving abdominal disease,

flail .Cheég)eurologic .injury, dr long bone fracture with®

9
severity ranging from appendicitis to multiple gunshot wounds

3
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and ruptured aortic aneufysms. Patient charts were reviewed
and a statistical analysis:was made of the association of
post-traumatic pulmonary insufficiency with the illnesses. »

They found that 44 or 11% developed respiratory failure, as

defi,n‘?d by severely impaired pa02 and the need for %roionged' )

ventilatory assistance. Aas well, 90 or. 25% requjired .

'
< = L

mechanical ventilation assistance with endotracheal intubation;

and virtually all 399 patients received some form of respiratory

therapy in the form of oxygen therapy. The mortality rate for L

2

1
W
.
Ky
€

patients with post~traumatic pulmonary insufficiency was 50%.

There was a clear association of sepsis, hypovolemic shock

¥

;; and massive fluid therapy with insufficiency, but sepsis was

f the most common single factor associated with pulmonary

X a \ insufficiency. Indeed, over 90% of these patients were septic;

% ’ :

) In this study, although the primary septic focus was extra- &
5 ‘ , pulmonary in 55%,': essentially all th‘e patients with pulmonary

{é nsufficienbgz eventually developed pneumonic infiltrates with

i pathogenie organi”:ms recqverable from their sputa. In fact,

2 + 26 gventually succumbed as a result of the respiratory

E? infedtions. T}:e authors tender two mechanisms for the =~ . - |

g - " localization of infection in the lungs.  First, there was . 5,"4 ’

? .t a group of patients (45%) wigh 'a primary pneumonic¢ septic

§ focus, Jexacerbate/d by lung injury as well as intubation

¢ which removed an effective cdugh'reflex;- and second, &

g @ ' rfmcte septic focus séedegl tiz_e lupg during filtrati\.on of

% the systenic circulaftion forming septic emboli in the other

g ) Agrou/p'(SO%). » _ '. ‘ . . &

% r
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fhis study epitomizes the consequences of a relatively
new concept, and that is "multiple organ failure", in
which it appears that pulmonary insuffi&iénCy (or adﬁlt
respiratoryhdistress.syndroﬁe, orlshock lung) may ré?ﬁ
present the final common pathway. A mortaiity ratejzgr'

59% is adequate proof of its clinical importance. ' The
P - -~ ‘

t

"study also epitomiéeé the chrrenﬁ concept and understahding .

of the disease process whose pathogenesis is”still not
well understood, and contains many important gaps,

4

particulafly at the cellular level.

The clinical importance as well as the gaps as incentives,
we focused our attention on a common clinical observation
that collapsed or atelectatic lungs,’for whatever reasons,
isat greatly increased risk for infections, excluding
veptilation complications. As well, there aépears to be a
strong relationship’between pulmonary edema, from either
heart failure, or the so-called."éhock lung", and depressed
antimic;obial capacity. This depressed itate goes” far
beyond the general association with a chronic and debilitaéing
state such as congestive heart failure. Of course, there is,
in all of this, the "chicken-or-the-egg phénomenon"; that

may in réality‘be a moot point. The co;sequéncgs of inféction
and overhydratién:motivates our aggressive’use pf"ﬁlow bottles,ﬁr
chest physio, and early ambulation in thersurgical patient;

and also the judicious titration of intravenous fluiéf for

adequate, not over, hydration., Other tools we have at our}

Aisposal are ventilatory assistance, caloric and protein
p .

!
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lung immunology.

course, an asaprtment of pharmacologic| agents to kill
microbes and remove fluid from the intravascular space.
L\“. /

Inherent in these clinical observations and beliefs .is

the question whether atelectasis ahd pulmbonary edema do,
. ) |

in fact, predispose the lung to microbial infection; and

even larger questions as to possible pathophysiology. .

This includes some firm knowledge of anatomical defenses

of the upper respiratory tract, and some not-so-firm

knowledge of the fluid dynamics in the lung, and somaq
infant knowledge of the local immunologic system in the

kS

lung.

'\.

,

We, therefore, set out to develop both a model and a
laboratory capable of investigating some of these physio-
logic and immunologic questions. We will discuss the
developmental aspect of this work, literature review

of thege subjects, and pitfalls that we encountered in
tests and iqterpretation - the latter again reflecting
the early state of the art. Likewise, we will stress

the ongoing nature of this work and focus on several ‘areas

that we think are key to a greater understanding of local

o

We elected to simplify the functional measurement of anti-
microbial activity to be the same as bacterial clearance, a

reproducible testing method whose assumption is valid for

.most of the common pathogens. The rate of bacterial

)
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clearance from the lung is s&ﬁught to depend on four

factors: the rate of phagocytosis, the pulmonary alveolar

macrophage intracellular Killing, the physical removal
of bacteria by mucociliary fﬁnction, and the rate of .
bacteriallmultiplichtion (80). wbur study, thérefore;
began looking'at these and other vqriables, after first

establishing whether our original question was valid, i
" b

i QB'
' To fully examine this problem, a model had to be developed

that satisfied some important criteria. It must utilize

~

> an animal as close to the humgn as is feasible, have

variables imposed that are extreme enough to provide us
with clear~cut reproducible data, and have a control built

in at all stages. Finally, the model must be flexible

1

enough to allow iﬁpht ga#&ation to obtain data of any

changes at the stfucqﬁkél, cellular and metabolic levels.

+

S
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does atelectasis predispose to bacterial infections? e
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FILTRATION AND DETOXIFICATION / ; -

Disease usually results from inconclusive
negotiations for symbiosis, an overstepping

of the line by one side or the other, a .
biologic misinterpretétion/of borders (172,

The body has developed-a formidable arsenal for defending
itself from/pathogens, bacteria, fungi, viruses, and protozoans

je
for a very good reason- they outnumber us. In fact, it is

estimated that approximately 1014 bacteria inhibit our gastro-

intestinal tract, predominantly oﬁr large bowel although there
are estimated to be only 1013 cells in our entire body. As a
reflection of the bacterial influence on our development, our
mitgchondria are thought now to have evolved from bacéeria
rather than from our own cells.
In general, we live in a symbiotic relationship with infection
being the exception rather than the rule. OGr body over the
years developed an array of defénses which have been arbitrarily
divided into local, or those that prevént invasion by the
microbes; and systemic, those that are activated after the
infection has taken place. In the examination of the immunology
of the lung, we wi;l focus on the local defense capabilities,

-

that is, the preventive defense actions prior to actual tissue

invasion of the pathogens,

AIRWAY FILTRATION:

Air filtration by the respiratory system is én important )

defense mechanism of the lung gainst inhaled toxins and

pathod@hs; The contact area at risk is 80*@0 90 meters

z
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squared, the alveoli surface area, and represents an area

4 -
of contact between the bodyl and external environment that

%

is 40 times greateg?thaﬁ the surface area of skin.. A very

fine review by Newhouse, as weli as severai\bther studies
&

provides the basis for this section review (30,42,46,128). -
re ’ . ;

‘ . ( <
The removal of particulate and gaseous materials occurs in

o
/

>

the naso-pharynx in the normal individual. Nasal hairs and

mucus trap many of the inhaled particulate matter. Gases that

are primarily absorbed are the highly soluble; such as ozone,

k3

Impaction of any "escaped"

v

ammonia, and sulphur dioxide.
particle méy then occur in the lower nasb~pharynx where an
acute right angle is made, allowing inertial'impaction
against strategically placed lymphoid tissue, like the tonsils

or adenoids.

In the mouth, the tissues of the naso~bharynx and oéo-phafynx
are protected by the physical barrier of the mucous epithelium
and by approximately a liter production of saliva per day,
which in}itselfAhas a mechanicgﬁiﬁieansing action. Likewise,
saliva contains lysozyme, that is capable of splitting the
linkage in bacterial cell walls; and as well saliva contains

a secretory immunoglobulin IGA wﬁich in itself is capable of
neutralizing viruses and preventing adhesion of bacteria.

°

The rare larger particles that reach the cquna~6i the first
two bronchial divisions are removed after impaction at this
level. Particles .2 to 5 micron size are cleared by

sedimentation, This results from gravitational force in

e et e s A i

a
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the slow laminar flow afea of the lung, that is, the 15 \X
.to the 23rd bronchial genération, where the sudden expansi;h
in relative airway cross-sectional area accounts for re-

duction in flow.

For even smaller particles, .1 micron size, Brownian Movement
facili;ates extraction by impaction on mucous surfaces which
may take place at any level in the lung. This particle size
e is very importanbfqpidemiologically as these tend not to

-t

settle on the ground or external surface areas, and therefore,

are the most commonly inhaled.

— el
!

Size and shhpe of particles help dictate the level or extent
oé invasioﬁ. Asﬁlstos fibers, for example, ‘although up to
300 microns in length are very narrow, l1-2 microns in width,
and are therefore found in Ehe a;veoli fér distal, by aligning
themselves parallel to the direction of the airway (128). }
Bronchoconstric¢tion in the airways, eithermﬁhyéiologic or
pathologic, may prevent distal alveo%i exposure. One reflex '
is vagally mediated for S;EEth muscle contraction/f which may

be stimulated by both mechanical and immunologic factors.

The constriction causes increased air resistance, but little

change in pulmonary compliance so that the number of venti%?ﬁé%

units remains stable, in contrast to airways pathologically /

involved in say COPD, which does cause V/Q changes. Si:uq:i.é‘s\t

of coal miners who are cigarette smokers, has demonstrated
that alveoli distal tqgﬁééments of bronchitig,are "protected”

‘from pneumoconiosis 128,42 ). .

!
/
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AIRWAY CLEARANCE:
- { Once material has been inspired dt aspirated, the mucociliary
w{ T / system is vital to adequate particulate clearance.from lung

f . segments, -but often adversely affected for iatrogenic reasons:
) 'The system begins with gﬁé production of the mucopolysaccharide
" -

by the goblét or mucous secreting glands in the large aﬁiwgys. .

? : \ When ;nfecteg, the mucus tends to lose elasticity, to @ééome : ;
P tenacious, causing inspissat;d plugs thoughtLto be one of the

‘ meéhanisms in tﬁe formation of atelectasis post-operatively.

The mucus itself contains immunoglobulins, particularly
secretory IgA as well as lysosomal enzymes (12 ), Mechanically,
the'mucus provides a 7 micron layer Ehroughout the upper airways,

4

- - [ , -
o, thereby humidifying imspired air, and at the same time preventing

I e T

water loss. Areas such as where intubati®n is performéd, have

4

interruption of this membrane with inflammation and activation

R,

. -
. t '

ey
.

of the complement cascade in the particular denuded ‘area.

L —

i

The cilia are an integral portion of the system providing
/

“

transportation for the layer of mucus which acts as a rug or

escalator for particle removal. The cilia are made up of

t

microtubules that beat at between 1,000 and 1,500 cycles a

:
¥
*
H
&
i
:
¢
i

minute, utilizing the oxidative-phosphorylation pathways

for energy. Their activity is felt similar to cardiac

contractility; in fact, it has been shown, thatldigitalis

improves the c¢ilia function in hypoxic catsi(128). Velocity
5 ih the small airways is 1 to 2 mm per minute, and in large
(“} ) airways 5 to 20 mm per minute - viftually all material

deposited on normal ciliated epithelium is removed in less
! “

o~ . <

‘-&
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than 24 hours. Substarnces known to be toxic for cilia are:
oxygen in high concentrations, cigarette smoké, sulphur ‘
dioxide, pentobarbitol (in sheep), alcohol, and various s
viral infections. Also, a recently described syndrome called
Cartagener's Syndrome has absent cilia function, as weli as

o

hypomotility of spermatozoa with infertility (42,105,128).

The mucociliary system may have congenital, metabolic, and
toxic malfunctioning effects; and two recent studies now
implicate age and iatrogenic care, Puchelle examined the
effect éf age and bronchial mucociliary clearance using
radiolabled resi; washout curves in 19 healthy, non-smoking

male subjects, ages 21 to 69 (140). She found the clearance

rate significantly lower in older subjects, particularly

greater than 53 years. However, the large inter and intra- ,

individual coefficients of variation led the author to conclude

that factors other than age may also have an effect on clear-

ance. Another recent study found that tracheo-~bronchial

suctioning in sheep depressed mucous transportleos). The
histologic effects were.varying degrees of mucosal denudation
and edema of the lamina propria‘with extravasation’of red
blood cells and dense infiltration of polys /and lymphocytes.
Importantly, three types of catheters were examined in this
process, Bard side~hole, the Aero-flow and the Tri-flow
ca#heters; an? found to cause varying extent of injury.
The Aero—flo;wwas superior to the Tri-flow, which was

&

superior to the Bard side-hole, because of the observation

7
that' tips designed to minimize mucosal contact were the

\\
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least injurious to mucociliary function, presumably by

the least interruption and denudement of mucdsa.

\\ \

The ‘cough clearance mechanism provides a rapid, complete \
exit for particulate aggregatioﬁs, especially those re-

sulting from the mucociliary pathway. Coughing~essentially

"N

reéglts from the development of intra;pleural pressure
gre;¥er than 100 mm of Hg, causing narrowiﬁg of the cross-
sectional area of large airways with ﬁ_corresponding
increase\in transit velocity, as rapid as 85% the speed
of sound! Inodisease entities such as bronchitis,

emphysema, or cystic fibrosis, or in intubation, this

mechanism is severely impeded (128,42 ).

\

Other anatomical poin;s of interest are the pulmonary
arteries that branch airectly with the airways as far
as the reépiratory Bronchioles, and supply’blood to tﬁe
capillary networks of the terminal respiratory unit.
‘The close sfructﬁral relationship of the arteries and
airways in which collapse of one causes decreased

circulation, allows maintenance of a proper ventilation-

perfusion balance of the terminal respiratory units (or

alveoli).
.

INTRAVASCULAR FILTRATION AND DETOXIFICATION:

Filtration and detoxification in the lung can also be

»

thought of as occurring on the intravascular side; as

well as the endobronchial side as we have discussed.
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.With a blood vessel su¥face area of 70 to 80 meters square,

. ‘
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g 13,
Although a relatively new concept, ongoi?g research in
this areaﬁhas begun to provide sqbstantial information
about the clearance pf drugs and biodegradable subgtances.
Clearance of intravascular microbes by the reticuloendo-

thelial system in the lung is of current interest in

several centers; and should be a very rewarding area of

>

J 1

°»

the pulmonary caplllary bed id' the largest in the body, and

ﬂ

llk&Wlse, unigque in rece1v1ng the entire cardiac output at

any. given instant. The lung parenchyma utilizes only 1 to

LN

2% of the total
maintain itself.
volume of 60 ml.

the surface area

oxygen requirement of the body in-order to
/ .

Although the normal intravascular blood.

transits the lung in less than one second,

is so enormous that there is ample opportunity -

'‘DRUG REGULATION:

for important filtration and transaction to occqr\(2,46,128).

- r
’
\
\

- , / \
In most conditions and in the normal portal system absorption,

the liver acts as the primary site of detoxification of lipid
soluble compounds to inactive excretable water soluble cata-~

bolites. But there also exists a gut-liver-lung axis, known

by garlic eaters for years, by which the gastro-intestinally
absorbed agents as well as the hormone gastrin are inactivated
(45 ). Normally, the liver protects the lungs from the portal

system contents with as much as 90% of "these compounds

metahélized in that organ.
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The liver and the lung have a-similar detoxification system

—

organized into 6 components involving various cytochromes
(2, 168 ~ ). Both’/systems are microsomally located, capable
of inductlon, function non-spe01flcally and have sxmllar
protein tissue substrate concentrations activities. However,
there are some kinetic differences. The ﬁepatic system is
inducgd by a wide variety of drugs,‘such as, phenébqrbital,
while Lhe pulmonary enz}mes are primarily induced by carcino-
-genic polycyclig hydrocarbons found in large amounts in
cigarettes. The polycyclic hydrocarbons inhaled in cigarette
smoke may‘induce ;onversion by the pulmonary mixed\qfidase
system to reactive epoxides which in itself ﬁay be inaq?quately
.cleared after reaching a cr1t1ca1 level and are therefo£é~felt
to be carcinogenic also. The lung has a glucuronal transfé}ase
system only 2 to 3% that of the hepatic system, but its role
in detoxification is only beginning to be understood. In
diseases of the liver such as cirrhosis, metastatic disease

or when new previously "unseen" drugs are poorly metabolized -

in the hepatic microsomal system, the lung loses this protection.:

With the introduction of each‘new ingestible dfug, the micro- ~
" somal convérsion gystem at the 1iY§F}19V81 is tested as these
are absorbed from the portal system; New or unrecognized
substances may not be effectively detpxified within the liver
system which has not developed sufficient machinery; and
therefore, a large overflow will be seen within the lung.

One drug which has been increasingly i&entified with the

induction of pulmonary fiprosis in humans is that of bleomycin.
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This is dealt with inPhan's paper (136) in which he

demonstrated the production of pulmonary fibrosis in

) ) v
rats after only 2 weeks of administration of bleomycin
with a concomitant increase in the rate of collagen

synthesis being noted. No doubt with an increased

-awareness of the problem, more information in this area

will be forthcoming.

HORMONE CAPACITOR: : o .

The lung is capable of regulatin% the arterial level of
locally active hormones; acting as a capacjtor for endogénoég
gﬁd exogenous lipophilic Emines, and of acting as an endocrine
organ helping to mediate anaphylaxis systemically. Perfused
rat lunéé rapidly concentrate exogenous lipophilic amines, a
list of compounds which is quite ‘extensive and in&olves such
widely used substances as chlorpromazine, propranoiol, morphine;
tetrahydrocannabinol from marihuana, imipramine, amphetamine,

methadone and chlorcyclizine ( ). However, except for,

methadone, these drugs are not significantly metabolized
within the lung, but rather may be acutely concentrated,

stored and then selectively released over a period of time.

The topic of non-respiratory lﬁng function q%beit in its

relative infancy is a fascinating one, with the implication
/ .

that the lung acts as a major homeostatic endocrine organ

—

over and above its primal duty of oxygenatjon, and recent
| R
role of detoxification. The lung distinguishes between

local and éirculating hormones by selectively filtering

and degrading'certaiq hormones while allowing unaffected
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transit of structurally very similar compounds. An example

of this is the almost(complete uptake and degr;dation of
norepinephrine and dopaﬁine in distinction to total in-
differeﬁéé-h:epinephrine vasopressin and hista@ine which
censequently have -equal ;oncentrationg in both arterial

and venous blood ( 2 ). Serotonin that may escape degrqgaﬁion.

g
LR Faie

in the liver is degnaded by about 70% in one passage tHrough *

the lung (46 ):; and only when massive amounts are produchg
by a ca%éinoid tumor, for example, i? this doubXe %yatem ovs
whelmed allowing the well-known symptomatology. The overflow
of locally producdd hormones bradykinin,.SRS, and othér vaso~-
active substances into the general circulation, accounf for
the systemic manifestations of anaphylaxis, which it appears
the lung can modulate, as a capacitor. Normally, this only
occurs with the proper mechanical and ch;micalm;timulation.
Locally active hormones, that is, hormones whose arterial

¢+ concentrations are determined in,the lung,‘gre bradykinin,
prostaglandin and angiotensin I. The kinins which are potent
nva‘sodilators,yincreasi'ng vascular permeability represent a
group of polypeptides that have been associated with pulmonary
edema formation, anaphylaxis, and hypovdlemié and septic shock.
The lungs are exquisitely tuned to degrade as well as jénerate
kinins (4601682._?358 half-life of bradykiniﬁ in the blood is
approximately 17 s;égﬁgs or much less than in one circulation
timé. Caveolae at thé pulmonary capillary endothelial surface
is believed to be the site of‘inéctivatigﬂwﬁy an enzyme which

acts as a dipeptidylcarboxypeptidase cleaving the C-terminal

dipeptide.
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This may, in fact, be the same enzymeras in the hydro-
lyzation of angiotensin I to angiotensin II, the formation
of which occurs when renin released from the kidney acts
on the plasma alpha-2 globulin to form decapeptide angio-
tensin f;’ This conversion to the active octapeptide II

v
provides an. enzyme which is 40 times more potent as a

pressor tﬁan is né&epinephrine. Recently, it has been ' )
shown that the conversion of angiotensin I to angiotensin II
is depressed significantly by conditions of hypoxia in dogs
(168) . - He showed that the conversion went from a baseline
of 72% to that of 6% in one passage through thé lung
circula%ion. He and his workers showed likewise a prompt
return of the normal conversion level with the return of

J
oxygen tensions. i

PROSTAGLANDIN MEDIATION:

Ly
Changes in ‘pulmonary blood and air flow can be modulated by

nervous, syétemic,land local immunologic reactions., Much of
the work of mediating these intra and extra-pulmonary changes
are prostaglandins. These are a family of pol;unsaturated
fatgy acids, all containing a 20-carbon backbone (prostanoic
acid). In effect, thé lung is the most important body organ
for production and'degradation of prostaglandins.

Asg a gepefél rule, the prostaglandins of the E series are

the dilators and the F series constrictors of bronchioles

and pulmonary vasculature, with some anomalies. Normally,

60 to 90% of the prostaglandins are inactivated in one pass

Il
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through the lung, but this inactivation is impaireg o oy
experimentally with the administration of endotoxin - 37 \

which radically decreases the inactivation, particularly .
the PGE-l which is fhe potent va&dilator (46,113 ).

Also, PGE~1 appears to, have a more prolonged effect

than does its counterpart, the PGF-2 alpha. Activation

and synthesis is not completely known, but ‘is thought to
occur at the microsomal fraction of the tissue homogenate
involving 15-hyd£p;¢y prostaglandin dehydrogenase, or
15-PGDH, activity as well as an inter~converting enzyme
present within the lung tissue, In gen;ral, PGF-ZOalpha
which ap;)e/ars to direct pulmonary biood flow locally is
present in high concentrations within the parenchyma and :
conversely PGE-2 is present in high concentrations within

i

the airways.

Factors which stimulate- prodilct:.ion of prostaglandins are

anaphylaxis which has been studied in vivo in the guinea

pig, as well as hypoxia, -edema, vitamin-C deficiency a;nd

some non-specific sti:nuli (113). Steroids result in a

reduction of proatéglandin mproduc.tion, and these may ac£

by decreasing the supply of available substrate from the

cell membrane phospholipids by stabilizing the membrane (89 ).
\

Prostaglandins inay function by their effect’on cyclic AMP,

particularly the PGE variety wh;ich has been shown to’ increase

cyelic AMP, Indomethacin, on the other hand, decreases this

i
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effect in the normal situation, but not in asthma attacks.
Aspirin and indométhacin are known to inhibit prostaglandin
synthesis. Of importance is the relative balance for ‘
providing an equilibrium between the dilatory effect of
PGE and the constrictive action of PéFs, the end product

being proper'tone and perfusion of the airways.

i

Prostaglandin and thromboxane released from the Tung
have variable half-lives, due t¥% variable inactivation |}
the 15-PGDH (135). Both prostaglandins, particularly the
PGF-2 alpha vagfety and thrombox/ane have prolonged effects
during anaphylaxis. It now appears thatl the administration
of high levels of oxygen for prolonged periods of time /
(72 hours) can significantly inhibit the function of 15-PGDH.
This wés examined in guinea'pig lungs by Crutchley (32 ),
and he found that 83% inhibition took place after 100% 02 for
72 ﬁours. The resultant effect is a relative prolongation of
the anaphylactic condition.
Hsueh‘(89 ) and his group have demonstrated that both peritdneal
- and alveolar macrophages are ca‘pab].e under stimulation of
prostaglandin synthesis., Mouse peritoneal macrophages produced
PGE~2 over a 90 minute period when stimulated by zymosan. He
demo.nstrated thqgt the addition of indomethacin completely
blocks ‘their production. Utilizing zymosan-stimulated rabbit
alveolar macrophages, he demonstrated the production of a

mixture of prostaglandins, PGE-2; D-2, F-2 alpha and 6~keto-

/
,
/ . .
. .
.
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The addition of cytochalasin-B in conjunction

with zymosan further increased the total prostaglandin

production, possibly by activation of phospholipase, but

by itself did not have an effect on prostaglandin synthesis.
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PULMONARY IMMUNOLOGY

INTRODUCTION :

Most meningococci have the sense to stay out on the
surface, in the rhinopharynx, During epidemics, )
this is where they are to be found in the majority
of the host population, and it generally goes well. 1
It is only in the unaccountable minority, the "cases" , .
that the line is crossed, and then there is the devil
to pay on both sides, but most of all for the

_ meningococci. (172)

/

In minutes after invasion, bacterium wluch has penetrated the fi}tration
mechanisns and reached the alveoli, triggers off an appropriate, sometimes
inappropriate, ‘immunologic response. This response is sensitive to the

type of bacteria, the soluble mediators secreted by and for the

participants, and the overall state of health, The goal of the whole

process i/s to incapacitate the organisms to prevent them from becoming
pathogenic, and then to remove them,

ILung clearance or a reflection of the percentage microbes remaining
after instillation over a period of time is dependant on many £actors
as pointed out earlier. They are: phagocytosis »by the macrophage
which requires -adequate numbers and viability, alveolar bronchial

transport mechanisms, the type of organisms, and in vivo solubility,
if any, of the particles, cough mechanism, and clearance lymphatics.

J
The clearance of aerosolized non-soluble, non-toxic substances from.
the lung, was studied by Kavet and Brain and found to have a biphasic
clearance pattern (102, That is, the first phase was rapid and the
clearance took place in less than 24 hours and was largely influenced
by the mucociljary clearance. The technique utilized sodium joding
scintillation crystals or magneﬁc dust which provide non~invasive
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sensitive magnetometers with measurements. The second phase took .
place over a 2 to 10 week period or longer, and had even greater
involvement of the pulmonary alveolar macrophage ingestion for

clearance fram the lung. .

Thg/tectmique of measuring intra-pulmonary bacterial clearance or
}figlling is the technique that we employed in owr work. It was first
used by Laurenzi, Bernan, and Kass in 1970 in which inhaled aem;,oliged
/baéteriq was followed for clearance by serial sacrificing and colony
f.dl:mingr; l;nit quantification. Green and Kass later studied the killing
and‘ﬂle physical clearance simultaneously using p-32 labeled Staph.
Auzieus and Proteus Mirabilis (67)., They found at 4 hours that 80 to

‘ 85% of the radiocactivity in the lung was present. - However, only 8.7%

of the Staph. Aureus and 23.4% of the Proteus Mirabilis remained
from the 0 hour level. So they concluded that the disappearance of
the colony forming units may better be accounted for by the intra-
pulmonary killing rather than the physical removal per se.

The alveolar macrophage repr%en‘ts the first line of intra-pulmonary
defense that meets the bacterial invasion and in their work, Green

and Kass (g7 ) counted intra and extra-cellular Staph. Aureus bacteria
that was ingested by the pul/xmnaxy alveolar nh‘fchTOphag%‘. They noted
that ingestion always preceded the decrease or diminution of the colony
forming units, again implying the intra-pulmonary killing mechanism

as primary, and again with the pulmonary alveolar macrophage in the
central position.

/

In minutes after invasion of bacterium, alveolar macrophages are cabable '

y

3
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of intercepting their entry in the lung, by responding to as we}lfas
synthesizing chemotactic factors elaborated both by the ba}cté‘r)j‘.mn and
the phagocytes. Indeed, a lung lavage fram a normal "uns;;i:ylated" (
individual contains: 47% T cells, 19% B cells, and 34% "null® or
lining cells ( 80), reflecting the important surveillance role of the
puh}nnary alveolar macrcphage. As we shéll see from our study results,
the alyeola.r macrophage, when stimilated can respond by increasing
both numbers and virulence, The ability ‘fro make such a response,
particularly with presensitization, indicate the alvgolar macrophage
is unique in straddling both the surveillance and the augmented
portions of the immmologi¢ system.

¢
The interaction of «the various camponents of lung immmology, "

systemic and particularly local, lends further credence to the .
alveolar macrophage's role as co-ordinator or "condictor” of the
local defense and clearance, at the same time as performing its

own multivarious functions.

7
B

PULMONARY ALVEOLAR MACROPHAGE:

Lymphocytes, like wasps, are genetically programmed
for exploration, but each of them seems to be pemnitted
a different, -solitary idea. Thiy roam through the
tigsues, sensing and mnitorihg/’. Singe there are so
many of them, they can make collective guesses at
almost anything antigenic on the surface of the Earth,
but they must do their work one notion at a time.
They carry specific information in their surface
receptors, presented in the form of a question: is
there, anywhere cut there, my particular molecular
configuration? (172) ' _

—

~Origin and Kinetics: 4
The macrophages of various organs in the body derive fram progenitors
in the bone marrow, and this is true of the pulmonary alveolar macrophage,

/

I

/ /
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(henceforth referred to as "AM"). In fact, MM's are end-stage phagocytes
derived from two precursor sources - an uncommi tted pleur{-potential
hematopoietic stem cell capable of differenting into erythroid,
granulocytic, or megakaryocytic cell lines; and a conmitted differentiated

precursor.  This latter cell line exists intra-pulnmonary and can renew

itself as well as matturé into functional elements (80).

Evidence for this intra-pulmonary source is research in which syngeneic
mice were divided into three groups whole body, pelvis, and chest
irradiated (62)., The lung lavage from only the whole body radiated
mice revealed deficient mmbers of alveolar microphages, in distinction
to the other preparations, clearly indicating t_he' replacement potentials

of either a bone marrow or intra-pulmonary source.

The develognent period from bone marrow to lung is about 100 days, as
shown by whole body radiation and bone marrow transplantation in opposite
sexes. After trarxspiantation, the donzf—s;igin cell, as evidenced by
appropriate karyotype, almost campletely replaces the AM population

.by 100 days (80,61 ). In effect, there is a multi-compartment model
to the evolutioh ~ bone marrow stem cell, to circulating blood monocyte,
to interstitial cell, and finally tom, It appears that the AM
develops its unique metabolic characteristics during the interstitial
phase.

—

The pulmonary alveolar macrophage is unique among mononuclear phagocytes
with differences that largely result from dwelling at the air-tissue

" interface, This location results in their direct exposure to inhaled

micro-organisms as well as toxins including cigarette smoke and air

Bl
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large amounts of cytoplasm, with a nucleus to cytoplasm ratio variable

bodies stain for acid phosphatase and this property was used to better

‘Golgi apparati, mitochondria, and endoplasmic reticulum of the rough

"abundance of cytoplasmic inclusions having an electron-dense matrix,

/ /
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pollutants, thereforé; functioning as the primary defense system in

the lung immunology. The aercbic enviromment has particularly led

to metabholic characteristics unique to the AM, and these will be

discussed in the section on "Phagocytosis”, as the two are intrinsically J

related, Suffice it to point ot at this time, that the AM is uniquely

capable of utilizing both §erobic4ar:d anaercbic metabolic pathways (167).

3

(See Figin:e XXXI}\) .
\\ - ’ - ) :

—bbmlx)_l;ggz: \ _ N i

Alveolar nacrophagesf from the various mammalian species are structurally

fairly similar, the human M is no exdeption in this regard. Through

light microscopy, the human-AM has a diameter that ranges fram 1p-50

microns, with a mean of 25 microns, the cells contain irregular nuclet,
but cammonly 1:3, and very prominent vacuoles. The cytoplasmic inclusion

define the lysosamal contents of the M (62). (See Figure XX).

Although the ultrastructure of the AM varies samewhat according to the
phase of cellular activity, electrommicroscopy generally shows frequent
nucleoli, as well as cytoplasmic organelles, such as well-developed

type. The most striking ultrastructural feature of the AM is an

and correspond to the areas of acid phosphatase stain., These inclusions
are found to cohtain cathepsins, lysozymes, B-Gl\;garmid;;es, B~galacto-
sidases, "aryl-sulfatase, acid rib’onuleaSe, and p!nspl‘ol:.pases - all
associated with ' lysosamal function, and all in greater concentration

4
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) ( . than the peritoneal e. Peripherally, pseudopodia are
5 prominent, and in this case presumably about to enqulf a pneumncoccal

bacterium (62,80). (See Figure XX) .

The alveolar macrophage surface contains receptors for the crystallizable

fragment, that is, the FC camponent of IgG and the third component of
.  complement, These FC receptors appear to be important for particle ,
attachment and ingestion by the AMs; and can increase in number as well

as size under in vitro stimulation by Freund’s Adjuvant for example

[P

( 80), Rabbits treated with BCG produced AMs with more camplement

and IGG receptors and with an increased receptor affinity. These
changes are felt to correlate with the enhanced capability of macrophages

TR Sy

to ingest opsonized micro-organisms.

~Local Replication: s

In vitro proliferative capacity is functionally very important for

AT PTG Vi

replenistnmt of the AM, in the steady state; and possii:ly' ever more

" important when under stress. An extensive study of kinetics was

P AL & A

reparted by van Ord Alblas and colleagues studying AMs in mice after
injection of tritiated thymidine { 13). The derived labeling'index
is used as a measurement of INA synthesis and proliferation by the
MM in this case. The highest value in the labeling indexiﬁboththa

AM and the blood monocyte population coincided at approximately 60

hours. Another group was/ canpared after total body irradiation with
hindlimb bone marrow shielding. In this case, the number of AMs went
up in the first 24 hours and only gradually fell, while the blood

PR T ner e IR, O S BRI I P g o

monocytes number fell rapidly. These findings indicate a local
production of the AM under stimulation, but not in the steady state.
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The percentage of locally produced macrophages is estimated at around
10%, and may therefbr\e be significant only under severely stressed and
campramised conditions.

Finally, Alblas had calculated the numbers in the turn-over process

~ in MM kinetics, showing that 15% of the blood monocytes that leave

the circulation became AMs, Through labeling methods, he discovered
an influx of 1.43 x 107 cells into the lungs in a 48 hour period,
resulting in .2 mean turn-over time of 27 days for AaMs (13).

Iocal, as well as in vitro, replication of AMs has been studied
further using cloning methods for macrophage granmulocyte progenitor
cells in a semi-solid condition medium (14). Intra~luminal alveolar
nacrophages were found to proliferate in both steady state conditions
as well as m periods of pulmonary stress. In this study, rat lungs
exposed to ozone showed a 600% increase in the colony formation of

AMs over the controls, which was noted by day 1 after the insult,

" with a decline to the control level by 7 days. This time period is ~
similar to that in Alblas' work with the largest increase dewnstrated
in vivo local proliferation under steady state conditions. 1'rxerefox"e,
local proliferation is almost probably bnly important in the stressed
and compramised individual as has been pointed out.

!
/

K3

J
/

-Retrieval: o / ‘
In 1961, it first became practical /i:o study the AM after Myr\uk described

a technique to remove rabbit AMs by lung washings (80). Prior to this

and even after,wthe ease of retrjeval from the peritoneal cavity ;af gmall -
laboratory animals provided emphasis on the study of peritoneal

'\
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macrophages. The ability to obtain a large enough AM sample by —
endobronchial lavage has been enhanced largely by laboratory:

technique, /

In man, the ai:ility to obtain and study AMs, essentially the only

human tissue macrophige readily available for study, has paralleled

the development and use of the fiberoptic bronchoscope. Normally,

the bronchoscope is wedged into the right lower lobe bronchus, and .
the segment washed with 300 ml of normal saline in 50 ml aliquots

( 60, 77) Usually half is retrieved, and the remainder J?.S readily

absarbed. Camplications that can occur in the human are those of any

bronchoscopy, vocal cord damage, atelectasis, pnewmmonitis, and fever -

i

all at a low incidence.

Only recently, is i . learned that cationic local anaes'theéics, the

two most common being lidocaine and tetracaine, often used in awake -
bronchoscopies, have profound, longterm effects on AM in vitro -function

( 83), The authors found that these anaesthetics caused a decrease

in cxygen consumption by as mich as 67 to 74%, and they also demonstrated, .
through scanning electrommicroscopy, a marked alteration of the surface
membranes of the cells so treated. This infqrixation has led, as in
the: small aninal retrieval, to washing the cells vell to rid them of
the effects.

Utilizing a physiologic response of AMs, that is, adberev?ce to surfaces
of tubes and containers on contact, a technique for achleving high
yields in laboratory animals, such as guinea pigs, mice, and rats has
gained recent popularity. The adherent cells, which would otherwise
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" be precluded from further studies, are washed in lignocaine, causing

loss of adherence, and thereby retrieved. The cells are then washed
in lignocaine-free culture medium and placed in non-adhering plastic
The author found no 1ongberm effects on in vitro function

studies(BS).H ) '

containers.

--Another method to obtain a purified M sample fram humans utilizes

cell profile diameters (36). With the knowledge that macrophages

_recently recruited from the pool of blood monocytes into the lung,

are samewhat smaller than longer~-term lung residents, one group of
investigators was able to obtain individual samples of free lung
cells with wnbiased cell distribution. This was dome simply by
examining cell pellicles obtained by bronchopulmonary lavage under
light microscopy and measuring a cell profile diameter. Arensen used
volumetric analysis of blood monocytes to demonstrate a morphologic
heterogeneity; for which he was able to make functional correlates
(4)."

-Monocyte Heterogeneity: ¢

/

Clearly,a.llmxocytesare notthe same, w:.thbloodmnocytesand

macrophages, peritoneal, and alveolar macrophages deriving differences
from functions and organ specificities., Meuret studied the above’

“human cell types characterizing their proliferatiwve indices by

tritiated mam labeling in vitro (116) He also determined
bacteriostatlc capability by the macrophage's ability to block INA
1gyntheais of proliferating E Coli after phagocytosis. In most cases,
the proliferative activity of these blood monocytes and macrophages

from plewal effusions and ascites was l€ss than 13, However,

B
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macrophages from patients with neoplastic diseases exhibited higher
indices ranging between 4 and 9.6%; specifically in cases of breast
carcinama, ovarian carcinama, seminama, and lung cancer in descending

{
order. The stimulation, he felt, was secondary to lymphokines.

|
In contrast, alveolar macrophages from these cancer thients bhad totally
lost their proliferative poténtia.l while at the same time maintaining
a higher bacter:'iostatic potential, a fact he ascribes to the rel/atively !
mare sophisticated alveolar macrophages, One would be hard-pressed
to explain the difference on the AM's wnique dependance on oxygen as
levels of 25 mm of Hg tension, felt tovl‘;}e adequate for normal function,

were maintained.

4

Work‘ with the skin macrophage, particularly by"i:he Chinese, has aided.

in the developr;ent of techniql;es to demonstrate piﬂmnaxy alveclar
macrophage replication as well as the tissue ‘and peritoneal type.

Using the method of skin blister formation by intra-dermal cantharidin
injection, a group fram Peking ohtains large quantities of macrophages
from the blister for study (25). The incorparation of tritiated
thynidine has disproven the earlier concept that macrophages of all

types were terminal cells in: the G-zero phase and capable of little,

if any, incorporation. Recent literature including this study indicates
/

that peritoneal, tissue, and alveo]/.a.r cells demonstrate cellular re-
plication and. INA éynthesis as reflected by thymdme incorporation
(25,62 ). -

e

Hocking and Gold showed this replication ability in the recent AM in .
vivo and vitro, using the radiocautographic techniques of tritiated
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titlyxnidine labeling ( 14 ). They showed that in patients with
acute leukemia under intensive c;l'xe!mtha:apy, the alveolar macrophage
ui:take of thymidine was greatly increased presumably to 'ccmpensate

-~ ... for periods of prolonged monocytopenia from bone marrow suppression.

-

kod
A unigue sub-population of macrophages from mouse spleen and bone

marrow has been identified by examining complement receptors (14§, .
It'was found that by utilizing the binding and phagocytosis measurements
of coated (IgM and uncoated sheep erythrocytes, the process was
facilitated by coating with both sub-populations. This description

of camplement receptors for the two cell groups is further reflection

of the heterogeneous nature and capability of the macrophage.

-m Alveolar Proteinosis:

4

The interaction of surfactant with AMs is a close one that can be both
helpful by creation of a microbicidal enviromment (see phagocytosis),

or detrimental by the over-production of surfactant, the principle
ing:redilent of which is dipalmitoyl lecithin., Now thoughfl: to be produced
by the Type 2 alveolar cell, surfactant can be over-produced or
inadequately cleared causing severe depr&s.sion of antimicrobial
capabilities of the AM. This effect is separate from the ventilatory

‘ benefits of surfactant which appear to play a role in the etiology of

' neonatal respiratory distress syndrome, oxygen toxicity, atelectasis,
and radiation pneamonitis (75).

In 1958, Rosen first described a disease state from over-production
or inadequate clearance of surfactant, and called it pulmonary
alveolar proteinosis as the air spaces ware filled with lipoproteinaceous
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material ( 60, 96 ). Patients suffering fram this condition
s
( have a much greater incidence of complicated.pulmonary infections

than normal individuals, particularly the exotic varieties, with

T

Nocardiosis the most common,

[

' Gold feels that over-productmn by the pneumocyte is the primary

PR

event in the pathogmesis with the secondary a functional defect

- eI e

in the AMs attendant to engulfirent of large amounts of lipid material.
n electronmicroscopy, the macrophages contain the same type of
lamellar material as surfactant with a marked depletion of lysoscmal
enzymes ( 60).

4
In vitro testing on macrophages fram patients with this disease,

VF RPN PR e xe .

~

demonstrate depressed bactericidal function, Utilizing Staph. Aureus
organisms in culture, it was discovered that phagocytic capability

of the aM was significantly decreased at 2:5%,’,3 3 hours post-exposwé,
as reflected by increases in the viable organisms (75). The defect

N Ay T Ty Wit AR o

did not appear to—be intrinsic to the AM which functions nommally

s o

immediately after entering the alveolus, but a "giutting" on the
' surfactant which inhibits phagocytosis of foreign bodies. In Gold's
work, the AMs in this condition demonstrated defective adherence to

glass, defective chemtaxis, and no defect in phagocytosis in the
first hour. It should be noted that blood monccytes in these patients
show none of the defects of the AM, as expected ( 60).
One extrapolation of this conceptual defect on AMs is in cases’ of

» pulmonary edema secondary to'the leaky capillaries or low pressure
type. It is known that pulmonary edema causes depressed bacterial
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cleafance fram the lung (see section on pulmonary edema) and one
possible mechanism is t‘he over-ingestion of extravasated proteins

by the AM. This may be particularly important in cases of septic
shock, burn and/or chemical pulmonary damage, in which protein
losses can be very great, I hasten to add this is ox;ly an hypothesis
a?: thiS"_tiIIE} and we i_r/ltend to pursue this in the clinical situvation

by examining AM's function and ultrastructure,

The treatment of patients with pulmonary alveolar proteinosis is, in
fact, bronchopulmonary lavage and removal of as mich lipid material

as possible. One ancillary benefit is an adequate supply of Ms for
study in this condition, The‘techniqt;e has been used for about 10

s
_years with very good success — both temporary and longterm. A double-

lumen endobronchial catheter isolates the two lungs for anaesthesia, \"’Z:“
with ventilation and oxygenatibn through one channel and lavage through

' the other using buffered normal saline at body temperature. After

ventilation with 1008, 02 for approximately 10 minutes, the‘denitrogenizedi' . |
lung may then be filled by saline solution equal to its complete FRC

as the 02 is absorbed. Iavage can be repeated equal to TV to a total

of 20 liters, removing lipid-rich material in the effluent. This

technique, used largely by Gold, has been modified for use with asthmatics
who may bhave inspissated plugs with a reduction in the amount of iavage .
£luid used at any given session limited to approximately 500 ml (77 ).

~Tumor  Cytotoxicity:
The role that the AM may have in anti-tumor immmity is in the process of

definition, and certainly is at a very early stage, " It has beeh shown
that AMs from mice pretreated with the immmoadjuvant Coryne Bacterium
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- Parvum are cytotoxic for syngeneic tumor cells ( 80), This finding

34.

may have implications for the evolution of neoplasms, certainly those

'arising in the respiratory tract.

More extensive work has been done with the tissue macrophage
particularly by the Peking group. (25 ). They obtained T cells
for study by blister formation using cantt;aridin, a cousin to
so—called Spanish Fly; and did so in patients with confirmed
neoplasms of which there were 48* cases including 33 of esophageal
carcinoma, There was a non-specific cytotoxic reaction with two

human malignant cell lines with macrophages taken fram these

patients, They then attempted to alter the clinica} courses of
patients with squamous cell ca of the tongue by weeicly local,
peri~tumor injections of this blister fluid containing high %Levels
of 'I: cells. After several weeks of treatment, they did not specify,
the tumor was excised and compared with tumor biopsies before
ingtituting i.nj/ections. In sumary, tumor cell degeneration and
invasion by giant cells was no'bed; as well, in one case, camplete

re)greséion of tumor was reported.

The ability to manipulate this cytotoxic response is shown by using

lipopolysaccharide (LPS) , a portion of the endotoxin, to stimulate'

human macrophages £ram blood monocytes (23 ). Two adherent human

tumor cell lines, adenocarcinama of the breast and of the colon, kept

in culture, were exposed to 1PS-stimulated xnacmplfl.agmi vwhich were \
strongly cytotoxic. To test the stimulation, polymyxin, known to

from a stable molecular cn/nplex with the lipid-A region of 1pS,

®
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abolished the stimulated cytotoxicity wﬁen added. Clinical

use of BCG in melanoma therapy, although not yet clearly
efficacious, presumably functions by the same mechanism, as

a non-specific stimulator. The phrase "non-specific stimulator"
probably belies a rather more complex process involving
antibodies, blocking anti-tumors, and T-helper cells which

will be discussed in the section on interaction-orchestration.

~Antibicotic uptake:

q}th greater understanding of the macrophage system, there

is an interest in the antibiotic uptake by alveolar macrophages.
This may be clinically impo?tant with organisms which are
capable of intra-cellular survival and they are not uncommon.
They include not only the Pasteurella that we utilized in our _
study, but also‘Yaccinia, Mycobacterium, Brucella, Salmonella,
L%steria monocytoéenes, Histoplasma, Candida, Cryptococcus,
Blastomyces, Toxoplasma, Plaémodium, Trypanosoma and Leishmania,
Tﬂey all have various techniqu?s to escape from the phago-

lysozome. Vaccinia virus escapes after it is uncoated by the

lysosomal enzymes. Trypanosomes escape from the vacuole and

‘replicate in the extra-vacuolar space, Chlamydia, Mycobacterium,

and Toxoplasma modify the vacuole and block fusion with the

l%sosomal granules,  thereby avoiding/digestive enzymes (88 ),
\ .

In any case, although antibiotics 3ay not directly pertain to

all of these, it is certainly of igterest and pertains to the

patient who is on longterm antibiotics, such as for chronic

'bronchitis.

M J

The uptake of 14 comménly used antibiotics was examined by
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radio-labeling technique in rabbit alveolar macrophages

(98 ). It was found that the uptake of clindamycin was

the greatest and the most rapid with a cellular to extra-
cellular level equal to 50 by 30 minutes. Ethambutal

with a ratio of 7; and 2 erythromycin preparations with
ratios greater than 20 were all markedly accumulated by

the macrophages. Ethambutal, erythromycin and clindamycin
uptékes by the macrophaées were shown to be dependant upon
the oxidative metabolic processes just as any other phago-
cytic ingestion process.

These findings and certainly more to come will help to guide
us in the proper utilization of antibiotics in patients who
have severe acute or chronic disease states. These include
patients with chronic bronchitis with QOPD, patients who
have been subjected to thermal injuriés, who are on immuno-
suppressive drugs, who have longterm debilitating diseases,
who‘ﬁave been subjected to lengthy anaesthetics and
operations, and finally, the patient who is nutritionally

deficient.

Meakins' has shown that the nutritionally and debilitated
patient has good correlation with an anergic cellular response.
This state can often be reversed with proper administration

of hyper-alimentation (27 ). This depiessed CMI has also been
shown in the patients subjected and suffering from Kwashiokor

J
with profound protein-calorie malnutrition.

Antiobiotics are indeed important, but they will never cure

.
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absolutely - only the host defenses are capable of that.
They can, however, be used effectively and judiciously to

hold the number of bacteria down until such time éﬁ the

/

host defenses can respond effectively.

-Exit Pathways:

It is not knowg which specific route, if indeed any one in
particular, is used to remove the "spént" AMs; after either
phagocytosis or cell death. Current feeling appears to
lean toward the mucociliary clearance. However, what other
pathways are available when this gleérance is obstructed
by an endo~tracheal tube, injured by the toxins that we
have discussed, or severely tampered with as in our study?
The effectlmay be particularly important if intra-cellular
killing is depressed or defective and viable microbes are
not removed from the lung. We examined this problem in our
study and model design.

, |
Alblas' radioautographic work in mice showed that most of
the macrophages left the alveoli in the airways via the
mucociliary pathway; However, he also speculated that a
significant number may leave the interstitium by way of the
lymphatic channels and travel locally to the bronchus /
associated lymphoid tissue (such as seen in Figure XXXII.which
is ffom our pig studies). From Balt, the macrophages may
exit via blood vessels or enter the airways at the level of
the terminal bronchi even earlier. The study was unable to

provide any additional evidence to support these speculations.

/
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" soluble mediators. Occupying a .key position is the AM

38.

He did however conclude that there are no significant
AM sub-populations that have unique or differing kinetics

and therefore, entrance/exit pathways (13 ).

THE ORCHESTRA:

When the connection is made, and a particular
lymphocyte with a particular receptor is ;
brought into the presence of the particulax ‘
antigen, one of the greatest small spectacles !
in nature occurs. The cell enlarges, begins
making new DNA at a great rate, and turns
into what is termed, appropriately a blast.
It then begins dividing, replicating itself
into a new colony of identical cells, all
labeled with the same receptor, primed with
the same guestion. The new cluster is a
memory, nothing less (172).

N

The creation of this memory, in the form of antibodies,
involves co-ordinated interaction between the varioyé€
members of the immunologic "orchestra". This is composed
of polymorphonuclear celis, opsonins, and complement

factors, and co-ordinated by messages in the form of J

;.

for first line pulmonary defense, and in large part
conducting the proper interdigitation of the orchestral

components to produce the memory - antibodies.

\ 4
!
-Soluble Mediators:

Much of the interaction between the two effector arms
of the immunologic system is co-ordinated by soluble .
mediators produced by one or the other cell, and essential

for proper processing of antigens as well as pathogens.

- /
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Moore and Myrvik demonstrated that antigen stimulated

f,
T lymphocytes, partlcularly under aerospl route, release

'soluble mediators or lymphokines into ‘the local lung

e

tissuev' The normal resident alveolar macrophage p&ovides
the first line of cell-medigted immunity by responding

to these factors. !

Analysis of serial specimens of bronchopulmonary lavage
fluid, during antigenic stimulation, revealed an increasing
.cgllular content secondary to a polymorphonuclear leukocyte
influx (80 ). This led to the eventual discovery of two
components with chemotactic activity. The larger (molecular
weight 15,000 Daltons) is chemotactic for both Pqnonuclear
and polymorphonuclear cells, and it is felt that this is
the activated portion of the fifth component of complement
or C5a. The smaller fa?tor {less than 5,000 Daltons) is
chemotactic for only polymorphonuclear cells (92 ). Using
stimulated and unstimﬁlated guinea pig AMs, Hunninghake
demonstrated that this neutrophil chemotactic factor was
produced by the AM in vitro and in vivo. He showed that
stimulation by Staph. Aureus, zymosan, and IGG immune
complexes induced factor production. This was via the
alternative/complekent pathway as a result of the AM
responding through association and fixation of the C3b

to the particie surface (51,92 ). The factor was
characterized more specifically as measuring from 400 to

600 Daltons, and as being antigenically and physically

distinct from Cha. 4
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It is now known that the human AM can produce at least

two neutrophil chemotaétic fact&rs, one being C5a. Using

cell culture fechniques and agarose wells to quantify,

a dose~response relationship has been demonstrated between

the chemotactic activity of the factor and the number of

monocytic cells in the well culture itself (115,175),

PHA, con-A, PWM and sepharose protein A all failed to-

activate mononuclear cells to produce this factor. Rather,

the factor could be produqed through the stimulation of

lipopolysacéharide o% the anti-beta-2 microglobulin serum{
a

as well as BCG, zymosan and endotoxin (contains lipopoly-

saccharide) ( 122),

These substances also activate the human AM to produce a
glycoprotein that is a colony-stimulating substance, capable’
of inducing stem cell replication of both granulocyte and
monocyte series (39 s This would imply a rather significant
distant control of lung cellular content by the secféting AM,
/ -

/}Discovery of increasing numbers and specificities of these
soluble factors, has forced retirement of the general term
"lymphocyte activating facto;", because factors may in fact
éct on different target populations. To date, factors that
are thought produced by the macrophage are: genetically
related factor (GRF), thymocyte mitogenic prot?in (T™MP) ,
T-cell activaﬁing factor (TAF), thymocyte différéhtiating
factor (TDF), and B-cell activating factor (BAF) (39).

These: elaborated factors focus attention on the‘co-ordinating

Sl
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activities of the macrophage. Phagocytosis by the AM

is an importan stimulaqt of factor release, as shown

by a recent s?udy on rats (138). It was the phagocytosis .
of the Staph. Aureus and not the enterotoxin or non-

specific stimulation which caused the appropriate

stimulationf.
for the first time, it was shown that human
AM can prpduce a chemotactic factor selective for T-
lymphocytes ( 91 ). The lung AM from patients with
sarcoid7 is secreted more monocyte chemotactic factor
than diﬁ blood T-1lymphocytes from the same patients.
The accﬁmulation of the monocytes in the formation of -
lung granulomas may be mediated by the local productiomw
of this chemotactic factor.

J
Finally, du;ing viral infections of the lung, the AM may
be an important defense, by virtue of its fact?r secretions.
infections cause the AM to produce interferon ( 1 ). While
being non-specific, it is known to be an important anti-

viral substance.

-Polymorphonuclear Cells:

ﬁ\

The pulmonary alveolar macrophége albeit central, is not

the only phagocytic cell involved with lung defense. The
polymorph or PMN is/capable of phagocytosis, andlis certainly
prominent in host defense throughout the rest of the body.

Any deficit in either poly or neutrophil leads to a marked

i
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susceptibility to infection.

PMNs are also produced in. the bone marrow, but have a

much greater turnover rate than the macrophage with a

.hélf—life of approximately 6~7 hours. In fact, an

estimated 120 billion are normally produced each day -
equal to the number of erythrocypei’produced. In

response to the characteristics of the microbial invader,

' particularly its cell wall, the numbers of PMNs in the

lung may vary widely. As we noted earlier the PMNs are
normally leés than half the number of the AMs on a nérmal

lung lavage (94 ).

The uptake and phagocytosis of bactéria by the PMN ‘and the
AM is facilitated by opsonins.- Fusion is compigted by
binding the FAB re?eptor to the antibody and the FC receptor

to the phagocytic cell.

-Opsonins and Complement:

Simultaneous with chemotaxis, serum opsonins attach them-
selves to bacterial surfaces.and help to phagocytize the
micro-organism. The need for opsonic aid varies with

bacterial type, particularly the cell wall.

The best characterized are antibody and complement, but
other serum proteins may also have this function. Ofv -
' A

antibody classes, only IgG is opsonically active and 1G-1

and IG~3 are the sub-classes that participate. For
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participation, the FAB aﬁd FC fragments, that is, the
intact molecule is required. |

The compleéeﬂt system,’barf of the humoral arm, is activated
by the antigen-antibody complexes in the so called classic
pathway forming the chemotactic peptides C3$, C5a. However,
C3 itself may be activated by bacterial or fungal mucopoly-
saccharide, or by elaborated proteases in the alternative .
pathway, bypassing the Cl, €2, and C4 positions. Of

import to our study, the alternative pathway, tﬁe classic
pathway and all the components of complement are required
for the full bactericidal properties of serum against gram

negative bacteria. Also, activation of the classic ox

alternative pathway through C3 is essentidl for the emhance-

ment of phagocytosis in smooth pneumococci. (43, 94,106,118)

)
The problem of complement absence is cause for recurrent
pneumonias, as it is vital for adeguate phagocytosis of
certain types of bacteria. A clinical study involving 23
pediatric patients with recurrent pneumonias revealed a
deficit in the complement chain at the select absence of
C2, shown by chemiluminescence and immunoelectrophoresis (141)
The chemiluminescence technique brlefly is froﬁ\s\ﬁy\\\\\\\\\\\\\\\
product of opsonized bacteria adequately phagocytized
with the production of highly reactive oxygen intermediates.
These intermediates, such as superox{de anion, chemi-
luminesce on scintillation counting. When the sera from

the patient with the absent C2 is exposed to.Staph. Aureus

and to E Coli in the Qbsence of any serum replacement, a
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defective killing of the Staph. Aureus by the polymorpho-
\,
nuclear cells was shown. Therefore, C2 was ident}fied

as an integral component for the adequate bacter%éidal
! f
control of Staph. Aureus, but not of E Coli. /

-Microbial Interaction:

Both humoral as well as cell mediated immunity are
constantly under the synergistic or inhibitory influence
of various microbes and their by-products, which
correspondingly, may prevent or promote invasion by a
secondary pathogen. FJ// l |
Alterations of humoral immunity can be brought about by
organismsywhich inhibit the production of antibodies
‘directly or indirectly, stimulate production of sensitizing
antibodies, or induce blocking antibodies. Known agents
for this are the influenza virus in the mouse with the
blockinéiantigen provided by either Strep Pneumoniae or
endotoxin; while in the rabbit Neisseria Meningitides
stimulates blocking antibodiés (109). ,Also in the mouse, .
non-specific stimulation of interferon production by )
erythrocytes, Con-A, pﬁytohemﬁaglutiniq, and lipopoly-
saccharide cauées a suppression in the humoral system

( 73). The mechanism for this suppression is not under-
stodd at present, but several theories are infection of
B-lymphocytes thémselves, or competi%ive inhibition of

the host's non—éommitted antiﬁody producing cells by the

microbe itself)
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The concep&%of bloéking antibodies may have very
significant clinical as well as experimental implications,
particularly with respect to proper vaccination. For
example, live attenua?ed polio virus given enterally may
not produce effective levels of antibodies because a pre-

‘ ;
existing enteral viral infection may serve to block '

antibody formation., The Third World pediatric population
i¥a carrier of many common enteroviruses and therefofe, at
high risk for failure of proper immunization, with

devastating consequences. This phenomenon also explains

why\somd patients with chronic bronchitis or other low-
grade respiratory infections may not réspond properly to
aerosolized pneumococcal vaccine., The common form of

this vaccine is called "Pneumovax" and administration is

{ntravenously.

I
\

Work with immune complex pneumonitis has revealed that

blockade of periphéral lymphocytes can prevent the

disease, another example of the interdependance of the

two systems. Shanker demonstrated induction of immune -

complex pneumonitis in rabbits given Con~A, through

polyclonal activation of T~lymphocytes in the lung'(153).

The resultant necrotizing destruction of the pulmonary
parenchyma was prevented in rabbits pretreated with
intravenous choleré toxin, The toxin effect was to raise
levels of CAMP in peripheral lymphocytes and therefore,
& K

inhibiting their in vitro prolikérative response to Con-A.

A further ramification of this study was to decomplement
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the animals with purified cobra venom factor, which
likewise prevented the immune complex injury.

The mechanism by which microbesg impairtéellular immunty

is tho;ght to occur in a number of‘w§js@ One important
coricept is that micro-organisms al¢er surfaci receptors

of either macrophages or lymphdcytes so that they fail

to ééspond to antigens as well as 1ymphok%2es and other
chemotactic factors. CMI may likewise be suppressed
indirectly by midfobe secretion of mediator subst;nces,
such as interferon in the case of viral infections which
may act as a block at the glycolytic pathway. In pétients
with secondary syphilis, a girculating inhibitor chalone
has been identified which acts to depress CMI. .Finally,
patients with a marked leukocytosis h?ve a relatively
greater incidence of anergy, suggesting that the leukocyte
may mediate a suppressor agent as well, The latter
situation has been observed co-existent with infections

of herpes labialis and other pyogenic infections ( 100,109 ).

Clinical studies which help to document these inhibitory
relationships is early work from Harvard and N.Y.U. (9,73 ),
In the first,‘influenza patients were found to be susceptible
to secoﬁdary pyogenic pneumonias. In the study from Bellevue,
the recordslof 97 TB patients were examined, between the
yearé 1930 and 1941. During thié time, 8 definite and 10
probable cases of reactivation of‘latent TB- or exaccerbation

of the disease process developed as a consequence of pyogenic

P
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pneumonia. The most common isolated pathogen was ‘ i

pneumococcus.

Experimental work in the area of pulmonary infections
has disputed the earliér concepté; from the 1950's, that
it was thaﬂinduction of pulmonary edema and cellular
debrié from the primary infection that provided a |
suitable culture medium for a secondary infection' to

take hold., Jacob and Green recéntly examined the effects
on bacterial clearance of pre~infecting mouse lungs with

Sendai Virus ( 95). They measured the rate of clearance

of inhaled staphylcocci from both consolidated and non-
consolidated lung areas, and reported finding no difference,

indicating no effect by local viral infection. However,

only took place in- the consolidated areas, which they
interpreted as "bacterial migration” to the areas. A more
correct conclusion might be that the infection influenced

mechanical clearance faculties and/or local T and B cell

Correspondingly, there are numer(gus instances experimentally

and clinically, where interaé:tions enhance CMI. An incrleas.ed
resistance to Herpes Simplex virus follows BCG stimulation
of macrophages in rabbits; and similarly, quyne Bacterium
Parvum inoculation stimulates cell mediated a}‘nti—tumo‘r

cytotoxicity in mice as we saw., Clinical épplication of
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this CMI enhancément is the use of BCG scarification in

( - patients with certain levels of malignant melanoma (B«f,109 Y.

-~Antibody Formatijion:

The need for adequate numbers and function of monocytes

is presupposed to aid in the processing of antigen into y

antibodies both in the lung and in the peripheral circulatiodn.

Recent work would seem to confirm this ( 121), The induced ;

B-cell proliferation to antibbdy secreting cells was measured
in rabbits, after depleting the peripheral blood of mononuclear
cells, and stimulating them with Con~A and PHA., Generation

of plasma cells as reflected by immunofluorescence and

specific-plaque~-forming cells, continued virtually unchecked.

However, when monocytes were added to the depleted cultures, ‘
. )
¢ ﬁ maximum or optimal-response was recorded, indicating an

interdependance in immunoglobulin formation.

3
%

Although secretory IgA immunoglobulin is in general more

prevalent in bronchial lavage fluid than is say IgG, the

content and relative amounts are capable of changing
according to specific disease states. A question which

focuses on an ‘impartai'ﬁ:’/concept, is do aerosolized antigenic

complexes stimulate influx of immunoglobulins into lung by the

humoral arm, or are they produced 1oc§1ly? The answer appears
to be both, IgG is predominate in peripheral b}}gciphut |

adequéte lung levels are needed to ‘aid opsonization of certain
C} microbes ( 149 . Even in normal subjects the bronchial lavage

fluid is relatively enriched compared to peripheral blood,
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for both IgA and IgG secreting cells (106). Human
bronchoéulmonary lavage fluids normally contain IgA,
\both ll-s and 7-s variety; IgG; somewhat lower levels

‘of IgE; and only occasionally deteétable IgM. After
administration of antigens systemically, and particularly
via the upper respifa%;ryntracf, specific IgG and IgA
can be detected. Presumag;y\this is as a result of local
production by resident B-iynmhocytes. The pneumococcal

vaccine administered via the airway demonstrates the

clinical relevance of this fact ( 80).

~Immunologic Autonomy:

Local and systemic immunity following antigen deposition

in the lung is incompletely understood, but increasingly,
studies reveal that the lung responds with localized -
regional lymph node procéssing and antibody production,

at times quite independant from the rest of the body.

It has been shown that after pareﬁteral immunization with
Pseudomonas, the IgG agglu?inative antibody was present‘

in bronchial secretions which was thought derived from the
intravascular pbol of IgG by diffusion into the respiratory
fluids. In contrast, after intranésal vaccination of
Pseudomonas, the antibody activity was detected in both
secretory IgA and IgG fractions of bronchial secretions.(143)
The immune secretory IgA had an inhibitory effect on the
growth of lag-pﬁase Pseudomonas organisms whicp was specific
for the immunizing.serotype. 1In contrast, IgG and the s

ﬁgonchial secretions did not have this inhibitory effect.

*
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Finally, IgM and the complement components were noticeably 1 ‘
absent from the bronchial secretions, all of which indicates
that the immune milieu of the normal lung is quite different

from that of serum.

i

Selective lymph node draihage in the lung is indicated by

recent work with sheep red blood cells which were instilled
into the right or left apical and the right or left’
diaphragmatic lung lobes of 16 dogs (12 ). The animals
were sacrificed 5 days after immunization and suspensions
were made from individual lung associated lymph nodes and
the spleen, and the results expressed as plaque-forming

cells (PFC). The highest levels of PFC corresponded to the

antigen. The response in the spleen was minimal, regardless

of ‘the lobe immunized. The number of IgM PFC was consistently
i

higher in the immunized airway than the control with peak

responses 7 to 12 days after antigen exposure.

The time period of 7-12 days to process antibodies is

commensurate with that guoted in rare work done on the

pig respiratory tract. As well, the immunoglobulin

distribution in various portions of the respiratory

tract, implies a selectivity or specificity of function.
In it, the participants examined the upper respiratory
tract of the pig and ﬁsing the immunoperoxidase technique,
demonstraéed the presence of predominantly IgaA, along with

IgG and IgM ( 17). The IgA was first identified at the 6th
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to 7th day and was highest_at 4 weeks of age with the
morphology of plasma cells well developed. 1gG was greater
than IgM in the lung and in the nasal mucosa, whereas IgM

was greater than IgG in the trachea and the bronchus.

Clinical studies examining the non-AM immunology of the
lung was performed in two groups of patients - one with
idiopgtic pulmonary fibrosis (IPF), and thé other with
chronic hypersensitivity pneuhonitis (CBP). Lavage fluid
from the lungs of patients with IPF revealed inflammatory
and eosinophilic responses and a significant elevation of
the IgG fraction. With corticosteroids, the inflammatory -
cells diminished but the eosinophils remained (144), Fluid
from patients with CHP also had egsinophils and elevated
levels éf IgG, but in contrast conta}ned elevated IgM, fewer
inflammatory cells, and a strikingly increased number of

lymphocytes over the patients with IPF. Also, the high ratio

1

. of T to B lymphocytes found in CHP compared to peripheral °

blood would again indicate that the T cells may be sequestered
in the affected pulmonary areas and pulmonary tissues.
Portions éf the lung immunology, therefore, appear to function
partially independant of the systemic humoral and cell-

mediated immune systems ( 77).
In an extension of the above work, this group made a
significant observation about the validity of the lavage

fluid analysis. ,

They compared the bronchoalveolar lavage technique with
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/
open lung biopsy and cell extraction from the biopsy

material in 21 symptomatic patients with progressive
pulmonary fibrosis ( 77). 1In this study, patients
It

were followed by closed lung needle biopsies as well

. as examination by bronchopulmonary lavage fluid

aspirant. ) o

In this study, there was little clinical correlation in
the scores of the cell types that were observed in the
alveolar spaces and alveolar walls, nor in the differential
or total cell count obtained by 'biopsy. However, there was
good correlation between differential counts obtained from
lung lavage, so that it would appeax: that lavage itself
more accurately reflects the cellularity of the peripheral
portions of lungs not effected by overt bro;mhial disease.

Likewise, steroid responsiveness of the underlying pathology

correlated well with the percentage of lymphocytes found in

the extraction samples. With steroids, there was an associated
fall in the percentage of the macrophages, and none in the
numbers of neutrophils or eosinophils. 'I;here was, ho;vever,

a trend towards increased numbers of lytﬁphoc&tes in the lung
washed in those patients who did respond to steroid tréatment.
In follow-up studies, the cases having predominant’ lymphocytes
in the lung lavage fluid continued to fare well. 'I'hé other '
cases with preciominant neutrophils or eosinophils showed a
less lasting response to the steroids and often deteriorated

back to the original pathology.

The relative easé of the lavage technique and the ?ccuracy
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of the fluid cellular examination should certainly provide
incentive for more utilization in the managenient of respiratory
disease, Especially important is the re.alativel'y non-invasive
quality versus a needle biopsy, which besides having incredsed
associated morbidity may not be as helpful as the lavage

examination.

TOXIC SUBSTANCES:

-Environment:

Environmental and industrial hazards have become the focus

of attention in the last 10 years, particularly in the

-aftermath of such tragedies as the poly vinyl chloride

(plastics) woi:kers and Love Canal. Even better recognized
is that exposﬁre to asbes:tos (insulation industry) and to
silica (coal miners), can produce localized as well as
extensive 1ungld.njury. This probably occurs by autolysis
of normal tissue with extruded lysosomal enzymes from
activated macrophages. That the process can be active ana
ongoing for years after the last exposure has only recently

been learned.

Schulyér and colleagues examined the b;pnchopulmonary lavage
from patients known to have had complicated silicosis, with -
a last exposure to silica 1-12 years prior (151). The
samples were compared with 10 normal subjects who were
matched in of:her respects, all were cigarette smoke;s. No-
difference was shown in'either the number, or functional '

studies of the macrophages. However, there was a significantly

€
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increased number of Type—i pneumocytes present; representing |,
( a Type-2 cell hyperplasia. The authors conclude that this
l is indirect evi;ience for continued stimulatory presenceof\
: a biologically active material years after exposure with

presumably adequate’ phagocytosis by the macrophages.

Other causes of this type of hyperplasia of the granular

s - pneumocyte are such stimuli as oxygen, viruses, nitrogén
- dioxide, carbon tetrachloride, and radiation (144,151 ).
However, regression is immediate and complete after removal

of any of these stimuli. One facet of the disease silicosis, :

- which the authors failed to note, is the obstructive lymph-
angitis which occurs., This might account for the poor

clearance of a biologically active material, in spite of

. C adequate phagocytic level and function,

As is obvious, the di/stribution of any inhaled substances

throughout the respiratory tract depends on the size of the
particulate substance as well as on the solubijlity if a
gaseous substance is involved. As we have seen, asbestos,
fo'r example, although 300 microns in length, is able to
reach the alveoli by virtue of its ability to align itself

3

longitudinally in the airways. On the other hand, water

soluble gases, such as sulphur dioxide can be absorbed in
the nasopharynx, and in all probability do not rea'clh as far
as the alveoli. In contrast, the relatively insoluble °
gases, such'as ozone and nitfogen dioxide may reach the
alveoli and thus expose thej macrophages to direct toxic

effects. Ozone is known to enhance the susceptibility to
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respiratory infection by reducing phagocytic baétéricidal
( capability of the macrophages. As well, nitrogen dioxide '
| ' can cause depression of in vitro macrophage phagocytic

. antibacterial studies (80,46,128 ),

and vanadium are toxic to the mébrbphages over prolonged
—

‘ Trace elements such as cadmium, nickel, manganese, chromium
! éﬁﬁbsugg. The injury is shown to be a result of uncoupling
I

of phosphorylation'with inhibition of oxygen consumption,

| g0 important to the alveolar macrophage (80 ).

. . : . . .
Iron oxide, inherently a non-toxic particle, when inspired

is capable of producing extensive damage to the normal
lung tissue, th;ough abnormal, non-specific stimulation

i {: ' of the macrophdges., Grant showed that iﬁ rabbits ( 66 5
a 3 hour inhalation of submicron iron oxide was sufficient
to cause longterm effects on the macrophages.' pavagé

revealed their number and quantity of hydrolase enzymes : -

significantly increased.

-Smoke Inhalation:

For the surgical burn patients, respiratory complications

are not uncommon, and probably have multiple etiologic
factors as we shall see in the discussions on trauma and
ARDS. One direct effect of inspired smoke is on the
surfactant activity, and this was reéently examined in

H i

P (») dogs. A standard dose of smoke, wood and kerosene, was
- . %

D

delivered at 37°C to mongrel dogs (130), They were

monitored for pulmonary and systemic hemodynamics,
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respiratory mechanics and surface tension area curves,
all as an indication of the surfactant activity. After
the smoke exposure, dense, non-segmental atelectasis
developed with alfall in Pa02. sSurfactant reduction
was significant, enough to cause an increase in the

minimum surface tension from 7 to 22 dynes per centimeter.

By placing a filter of .1 micron, pore size betweén the

smoke source and the endotracheal tube, complete physiologic
protection and preservation of surfactaﬁt was demonstrated.
In understanding the pathpophysiology of dense atelectasis,
it is felt that loss of adequate surface tension levels
provided by the surfactant in alveoli increase the driving
pressure required for the capillary cirulation within the
lung itself,., As a reflection, the pulmonary vascular ’
resistance increases! therefaore, the surfactant influences
the flow and resistance in aiveolar capillaries by chénging
the surface tension, at the same time as preventing alveoli
' collapse for ventilation (31,130 ). sSurfactant inactivation, C
thé mechanism of which is as yet unknown, may be one of -
the first effects of smoke exposure and the conseguences

of this ﬁake the lung vulnerable to additional insults. ,

In particular, the surfactant loss might explain why vicgims
of smoke/inhalation are so vulnerable to respiratory com-

plications, and especially so if they have thermal burns

as well,
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-Cigaretige Smoke:

‘Chronic obstructive pulmonary disease (COPD) is a very
debilitating and widespread problem that has developed
essentially over the past fifty years — commensurate
withjthe popularization of cigarette smoking. It is now
evidenttha‘t the AM is instrumental in the production of
COPD in this circumstance; and is best summarized simply

as a stimulation imbalance.

Cigarette smokers, as well as chronically exposed non-

smokers to a lesser degree, show similar changes in.AM

morphology and behaviour. Some of these changes are the

3

AMs become larger and more numerous as shown by broncho-

.pulmonary lav'a,.ge differentials ( 61-). The smoker AM is

a very activated one with a greater metabolic rate,

reflected by an increase in glucose utilization, and

‘hydrogen peroxide production without stimulation of the

HMP-shunt.

Ultrastructural chanées that take place are tﬁat the
surface membranes of AMs from smokers are more convoluted
possessing more lamellae pseuddpodia, as well, there are
increased inclusion bodies that characteristically contain
kaolinite crystal particles. Transmission EM ha® also
shown these particles in ma*ijuana smokers and non-smokers
exposed. (16/7) . Hinman used insoluble elastin labeled with
tritiated thymidine to show that smokers' AMs secrete 5

times more lysosomal enzymes than did non-smokers ( 79 ),

!
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R

There was not oﬁ’y a consistently higher cell yield in
smokers, but a higher percéntage of macrophages than
lymphocytes which is reversed in the non-smoker.

\

_More specifically, the AM is in a pivotal position between
proteolytic enzymes and their inhibitors. Elastase levels
are markedly higher in the smoker than non-smoker, and this
enzyme group is very important in creating COPD, when not
held in check. The anti-proteolytic enzyme, alpha-l-
antitrypsin is largely stored in the AM., However, in the
smoker AM, this inhibitor is found depleted and rather, a
relatively high concentration of proteolytic and elastoly‘fic
enzymes collect within the AM. The result of 1:_his "unchecked
stimulation" is autolysis of normal lung parenchyma, with

the acinar and panacinar changes so characteristic of

emphysema ( 167,79,80 ).
Another recently discovered specific v;ffect of cigarette
smoke that predispose smokers to increased rates of pulmonary
infection is on the complement system. Patients with COPD
have icwer C3 and C4 levels than normals as was shown by
a group from the Mayo Clinic (118), Serum concentrations
of Cc3, €5 were made on subjects with a forced expiratory
_ volume in one second less than 708 p;;die%edﬂ, and compared
to matc;h‘ed pairs for age, sex and gccupation. Significantly,
_ lower blood levels of C3, C4 were found in COPD- patients,

and there was a significant correlation between the level

. and such symptomatology as coughing. The authors could not

@
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differentiate between a depressed production rate or an

( increased consumption rate causing the low C3, C4 levels.

o e

Airway effects of cigarette smoking can be the severely

restrictive ~ obstructive dis?ase of COPD, or as we now

are learning, subclinical but significant abnormalities. 1

Indeed, even non-smokers, chrénically exposed to cigarette

- smoke either at home or in the work environment,: show
significant airway changes, Twenty-one hundred middle-

age non-smoker subjects were studied (181), and "passive
"~

wm -

smokers", regardless of sex, exhibited lower forced mid
and end-expiratory flow rates than did non-smoker controls.

Even more gignificantly, their values were not significantly

i

‘: different from those pf light smokers.
;/
i

For severe COPD, th&re may be a compensatory mechanism .

to improve ventilation in the form of collateral ventilation,

At this point, collateral ventilation is largely a theoretical

concept, although some interesting research in this area is

é
!
;
:
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ongoing. The concept is one explanation how occluded alveoli

and bronchioles can be supplied with some extra-anatomic’

oxygenation. In the normal supine individual, the high
collateral resistance minimizes céllateral‘air flow through
what anatomists call the Pores of Cohn at the alveoli level,
and the Ducts of Lambert at the terminal bronchiole.. When
peripheral airways become obstructed or obliterated in
empﬁysema or other COPD conditions, collateral channelsl

may provide for a more even distribution of ventilation,
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The compensatory mechanism represents one more way in
which the(}ung can theoretically attempt to maintain

v/Q balanéé; theoretical because no significant beneficial
effects have been shown clinically, and it remains

entirely experimental ( 30,42 ).

A final "voluntary"™ toxic inhalant among humané is marijuana.
The effect of marijuana inhalation, not THC or tetrahydro-
cannabinol, is mentioned largely because of the frequent

use - roughly 50 million people in North America alcne,

have been estimated to be sporadic users and a lesser number
regular consumers. With a question before courts of \
legalization of ssession of small amounts, this may

well escalate. ~The effect of marijuana has been examined

in rats, who were exposed to extracts of purified THC,

to the marijuana smoke itsélf, to a placebo, and a final
group were untreated. They then were exposed to aerosolized
Staph. Aureus with guantification of intrapulmonary bacterial
growth made through the pour-plate technique (90 ). There
was a decrease in antibacterial capability which was dose-
dependant, and was effectively a reflection of bacterial
clearance. However, in the s%udy, there was no in vitro
examinatdon of macrophage or polymorphonuclear functions.

The decrease in antibacterial capability was only with
association of the whole marijuana smoke and did not come

about with animals treated with the THC smoke extract itself.

The theory that has been put forth by Green and his co-
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workers (67 ) suggests that oxidants in the gas phase of

the mar?juana, as well as tobacco smoke, alter the activity
of certain sulfhydryl containing enzymes in the macrophage
and depress the energy producing pathways required for
phagocytosis. One other consideration that must be kept

in mind with respect té the toxic effect of smoke inhalation
is the depression of mucociliary response which hag been

demonstrated certainly with tobacco smoke.

-Gases:

Halothane is not often thought of as a toxic substancé
capable of depressing antibacterial lung function. That

it may be and does is demonstrated in Manawandu's work
exposing anaesthetized mice to radiolabeled Staph. Aureus

( 111). Lung tissue cultures revealed decreasing clearance
with increased halothane levels; and particularly decfeasihg
.ciliary activity as measured by radioactive washout, with
levels of 3% and higher. Commonly, a level of 4 or 5%
halothape is used during the induction phase of anaesthesia.
The deficit appeared reversible, with a dose-dependant
duration requiring up to 48-72 hours. Halothane is known
to depress oxidative~phosphorylation which both the macro-
phage and the cilia utilize for energy, and this might be

the basis for the deficits.
Hyperoxia in the neonate is associated with hyaline membrane
disease, as is prolonged hyperoxia with a variant in the

adult. The effects on mucociliary function have been dis-
§
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cussed, but it now also appears that the alveolar macrophages

are adversely affected as well, The interaction of ambient
oxygen tensions and macrophage maturation rate, as measured
\

by superoxide dysmutase activity, was examined by Simon and

co-workers {157), using mouse alveolar'tissue cultures,

In hyperoxic conditions, that is a P02 of approximately
640 mmHg for 24 hours, there was a significant increase

in dysmutase activity, reflecting an increased maturation

‘rate over normoxic conditions, where enzyme values were

half. Hypoxic conditions with a P02 of about”15 mmHg
produced a significant decrease in the dysmutase activity
as compared to controls, but only after 168 hours exposure.
This delay in measurable injury, might well reflect the
compensatory facility of the alvecolar macrophage to provide

energy, at least for the short-term anaeraobically (16 ).

~-Drugs:

Carmustine, or BCNU, used in treatment of malignant gliomas
is shown to cause pulmonary toxigity in 20% of users in a
recent study ( 5 ). Pulmonary interstitial fibrosis is
also reported in rats treated with systemic BCNU ( 8 ), and
both reactions are dose-dependant. Predisposiﬁg factors
for development are a history of lung disease (particularly
4 pack cigarette smoker a day), length of treatment, and

finally, total dose per square meter.

The effect of longterm corticosteroid therapy on monocyte

|
!
{
{
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chemotaxis in humans was examined recently. It showed o
that macrophages from patients on steroids show a normal
random movement and a normal resﬁon§g to chemotaxis or
chemotactic factors (169). When prednisolone was added
in vitro, these mon;cytes did not suppress in the same
manner as did monocytes or alveolar macrophages taken
from 5 normal subjects. He theorized that the depression
by as much as 48% of the chemotactic response by the so
called normal monocytes was altered in the patients’
monocytes on longterm. steroids because of a receptor
change. He also demonstrated monocytopenia 4 to 6 hours
after steroids were given, put with a return to normal at
24 hours. This raises the guestion as to whether people
on longterm steroids, say people with Crohn's disease,

as well as patients with sarcoidosis, may reach a plateau

effect and get no further benefit from steroid therapy.

~Trauma: I )
Physical trauma, either surgical, or burns, or extensive

or penetrating body injury has had a relatively small amount
of study with respect to the effects on the immunologic
capabilities of the organs. One persbn who has worked
extensively in this area is Saba who studied the effects

of Noble Collip drum trauma on the reticuloendothelial
function of rats (100). He showed that both hepatic RE ,
phagocytosis and plasma opsonic activity were depressed

by as much as 50% for as long as 6 hours after the trauma.

Likewise, the plasma opsonin-level declined in direct
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relationship to the degree of trauma Interestingly, he

R

has characterized this opsonin a;~;£ alpha-2 globulin
designated as a surface binding globulin. He has been
able to replenish the RE system w;;;-he returns this
purified opsonic protein to animals after operation; and
even in several cases, he has shown the effectiveness in

N

humans in the form of the alpha-2 opsonic glycoprotein

(68,100 -
{

Human blood monocyte cultures can synthesize and secrete
piasma protein fibronectin normally concentrated 'in

connective tissues ( 3 ). This high molecular weight
protein has been shown to promote clearance of micro-

particulatekfibrin and denatured collagen or gelatin

from body fluids. Although the clinical relevang? of

e

. this work from Finland published this year is not knownf

its similarity to the glycop}otein, identified by Saba
and co-workers is very obvious. Both proteins, both
ubiquitous, and both—are involved in clean-up rather than

immunologic functions per se.

Trinkle and his colleagues examingd pulmonary bacterial
clearance in dog lungs after reproducible contusion
formation (146). His model for contusion is the firing
of a 22-cal blank againsfg a quarter which is .placed on
the chest wall in the same location, Staph. Aureus and
Klebsiella Pneumoniae in concentrations of 108 ang 109

respectively were instilled through a Bird Respirator,

¢
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in a manner similar to our experiment. Dogs were divided
into four groups: contusion alone; contusion plus hemorrhagic
shock; contusion plushoverhydration with Ringers Lactate;
and contusion plus IV corticosteroids in pharmacologic
doses. ILung tissue in the areas of contusion and non-
contusion was sanpled at 4’hours, homogenized and cultured
to quantify residual viable bacteria.

| hn
Bacterial clearance was not affected by: contusion alone.
However, any of the three other factors in conjunction
with contusion, resulted in significantly depressed
bactéri;l clearance., The study did not provide data on

the affect of these manipulato in non-contused areas.
] v

that one or more of these occur i nsult and ensuing

care of the very sick.

-Adult Respiratory Distress Syndrome:

1

The final common pathway that many disease states manifest
and resulting in the clinical and laboratory picture of

ARDS, now has some basis in pathophyéiology. Entities such
as shock, transfusioﬁ reaction, hemodialysis;‘severe traumé,
acute pancreatitis, Purtscher's Syndrome, and even myocardial

infarction all show pulmonary leukostasis on close examination

(94). The mechanism appea}s to be macrophage stimulation

- with production of the activated portion of C5 to CbSa.

Experimentally, C5a has been found to produce ARDS or
shock lung in and of itself after prolonged circulation.

o
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One interesting finding is thatwith increased exposure

to C5a, the polymorphonuclear cells become unresponsive

to ;he chemotactic action. This could account for the
variant time periods involved in the production of ARDS,

as wellw as variants in severity (21,48,68,70,82 ).
Macrophages appear to have a central role in'this‘process.
In vitro studies involving cultures of endothelial cells
from human umbilical veins when-exposed to activgied com-
plement and granulocytes release toxic oxygen species,
superoxide anion and hydrogen peroxide (94 ). Both are J
produced by macrophages in normal phagocytic oxidative
phosphorylation, and both cause substantial endothelial
damage, as shown by the addition of oxygen detoxifying
enzymes, superoxide'dysmutase and catalase which prevented
the damage (68,82 ).

Complement activation via the éiternative pathway also takes
place when contact is made with some lipopolysaccharides,
importantly the endotoxins; as well as silicone polymers in
mgmbrane~cxygenators used for extra-corpepreal perfusion.
Fountain and co-wérkers { 48 ) demonstrated a non-specific
stimulator of the alternative pathway like zymosan to be
capable of producing these same effects. In sheep and rabbit
preparations so treated, he demonstrated a significant fall
in arterial P02 and,a marked rise in.pulmonary vascular
resiséance. *More specifically, in hemodialysis, plasma

contact with the cellophane membrane of the dialyzer results
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in complement activation by the alternative pathway.
Laboratory animals in Jacob's work, so treated, have’
a significant leukopenia with sequestration of neutro-

phils and monocytes in lung microvasculature, resulting

in increased lymph flow as well as respiratory abnormalities. -

.Chronic hemodialysis'treatments, although undeniably

essential, represent a hazard to the respiratory system

by this repeated plugging of the microvasculature.

As an extension of their leukocyte aggregation work,
Jacob and colleagues ( 94 ), examined the effects of
corticosteroids on this action.i A dose of 30 ml per
kg prevented the in-vitro aggregation of leukocytes,
as well as the production of harmful sdperoxides.

LY

Hemorrhagic shock and the massive fluid infusion (whether
colloid or crystalloid) Attendant for res;scitation: is
commonly associated with acute respiratory failure orx

the so called Aghock lung". "Recent evidence shows that
injuries sustained at the lung level result not only from
the resuscitation period, but from the hemorrhage itself,
even relatively small amounts. Connel describes the
development in the canine lung of ultrastruétural lesions
during hemorrhagic shock (31 ). Platelet and leukocyte
aggregation is the earliest changes preceding shock,

such that even blood-loss too little to cause changes

in systemic blood pressure, cause aggregations which

occlude microvasculature in the lung.. The occlusion

is most evident during shock, and the resulting gross

t
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pulmonary%hemorrhages and fine structural changes can

be demonstrated by electronmicroscopy.

During Fhe study, screen filtration pressure was used as

a measure of blood flow pressures through a screen, which
is known to accurately reflect the amount of aggregated
platelets and leukocytes, as well as debris present in

tﬁe blocod. The formation of lung lesions was time dependant
requiring up to. one hour for endothelial damage. Further,
reinfusjion of sheé blood following hypotension increased
severity of the lung lesions. Reinfusion injury was largely
negated if dacron wool filters were used to presumably

extract the microemboli.

This observed and proposed pathophysiology correlates well
with several other workers the first of whom, Gerdin,
demonstrated a markedly delayed clearance of fibrin from

the rat lung after acute hemorrhage (55 ). More specifically,
a decrease in fibrinolysis appeafs to be the main cause of
decreased removal of these thrombin induced fibrin deposits.
condary, but important factor, is inadequate perfusion,

certain areas of the lung,
\

T

~—~

at least,

The so called reperfusiog\Iﬁjuxy\Yhich has been described
sometimes following shock, pulmonary embolectomy, and pio-
longed cardiopulmonary bypass (particulérly éarlier) is’
examined by Modry and co-workers (119). The study was

/ v

performed on dogs and focused on biocenergetic, metabolic,
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and ultrastructural changgs in prolonged total bypés;;
Ventilated lung tissue was ;found to tolerate up to 5
hours absence of pulmonary artery perfusion without
significant damage. However, 24 hour interruption
resulted in significant decrease in ATP and glycogen,
and ingrease in lactate. Reperfusion of these lungs |
caused even more pronounced biochemical and ultra-~ |
structural deterioration ‘as well as frank hemorrhagic
pulmonary edema. ‘

- \\‘
The interaction between severe reséiratory failure and
pulmonary systemic hemodynamics was|examined in 30 patients
undergoing therapy for failure of diverse causes. (184) With
time,~the pulmonary vascuiar resistance progressively’

Eonverse was true with

decreased in survivors, whereas the

non-survivors, Three-~-fold elevations of mean pulmonary

artery pressure above normal at equivalent cardiac indices

reflected, they felt, a large reduction in the vascular
cross sectional area in the lung. Pgssible causes of this

effect are: active vasoconstriction, decreased lung volume,

increased interstitial pressure, enddthelial cell edema,
ffuse microemboli, and finally, midrovascular obliteration

by fibrosis or extgavascular hemorrhage. The author hastened

to point out that the numerical results do not define the

anatomical position of the vascular ‘eduction. either

p;pillary, arterial, or venous. The common finding in

severe respiratory failﬁre of a large ventilation-<perfusion

abnormality((V/Q) or effective shunt|is certainly in keeping
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‘'The business of alveolar macrophages is phagocytosis and a

J ' |
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with the proposed pathophysiology.

PHAGOCYTOSIS:

The phagocytes won't eat the microbes unless
the microbes are nicely buttered for them,
Well, the patient manufactures the buttexr

for himself alright; but my discovery is that
the manufacturer of that butter, which I call
opsonin, goes on in the system by ups and i
downs ... There is at bottom only one i
genuinely scientific treatment for all diseases,
and that is to stimulate the phagocytes.

George Bernard Shaw

thorough understanding of that process is necessary as a
backgrouna. As far back as Metchnikoff, neariy ancentury
ago, Fhis concept of phagocytic cells was put forth and it
was with some mysticism that George Bernard Shaw in the

Doctor's Dilemma popularized the concept.,

Along with the AMs, we kno& the neutrophils are also involved
in phagocytosis, but there are major differences between the
two cells. Unlike the polymorphonucleocyte, the macrophage

has a much longer generaéion time, of 19 to 25 hours and a
circulation time of 30 to 100 hours, as we have seen from
Alblas® studies for example. In distinction tg the neutroT"—‘f‘“
phil, there is no‘large regervoir of cells in the bone

marrow; but with inflammatdry conditions requiring phago-

cytosis, the production rate increases markedly, mediated

by the soluble chemotactic factors that we have discussed.

During the maturation from the blood monocyte to the tisaue

f
.
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level, the ﬁorphology of the monocyte is altered depending
on the tissue to which they are targeted. The AM, therefore,
represents a relatively sophigticated phagocytic cell after

N

proliferation from the circulating monocyte.

The process of phagocytosis of necessity involves 4 stage;,
that is, chemotaxis, opsonization or recognition and attach-
men£, ingestion, and intracellular killing. Chemotaxis,

we know, 1is principally brought about b§ microbes which
activate complement in serum éroducing C3a and C5a, and

the release of mediators. The action of chemotaxis is

energy dependant involving actin, myosin and ATPase both

in granulocytes as well as monocytes, Tﬁe recognition of

the microbes is facilitated by the opsonins which I have
mentioned, IgG and C3 being the most important, and ingestion
takes place by a manner of pseudopodii-fusion around the
distal side of the pa:ticie. This itself is energy dependant,
with actin-myosin being identifiéd in the microtubular
formation of the pseudopodia. The fusion in turn forms a
phagocytic vesicle or a phagosome whose lining is actually
from thg inverted plasma membrane. In the process of
identifying the microbes, opsonins are needed, particularly

when defending against encapsulated bacterium, such as

Pneumococc:}., Pseudomonas, and Stre;;tococci (13,61,108,167)

Prior viral infection suppresses intrapulmonary bacterial

killing by the AM by causing a defect in the phagolysosome

_ fusion demonstrated by fluorescein microscopy (96 ). Mice

e
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were given subiethal doses of Sendai Virus, after which

progressive inhibition of the phagolysosome fusion was

' demonstrated reaching a low at 7 days when only 13 ¥4 3%

of the phagocytic cells fused, as compared to the un-
infected ;ontrols.of 97 t/~ 3%. After the 7th day, there
was progressive incremental increase in the fusion capability.
The author, Jacob, feels that the primary defect is a
functional one, as the number of AMs increased 10 to 500-fold
during the ;nfection. It is the suppression of fusion that
prevents the hydrolytic and lysosomal enzymes from coming
into contact with the ingested organism or foreign body
itself.

vy
After extensive endocytosis, the phagosomes lose their
large surface infoldings, as demonstratéd by ultréstructural
examinations (see Figure XX) However, the macrophage, in
distinction éo the neutrophil with its shorter half-life,
is capable of replenishing its surface membrane receptors
as well as its lysbsomal enzymes. The microbicidal process

then takes place after thorough ingestion through the

.pinocytotic release of the lysosomal enzymes in merging

the pfimary an§ secondary granules with the phagosomes.

By ]

ese vesicles engage in degranulation and microbicidal ‘

S

This action produces hydrogen peroxide by way of a super-
oxide anion which in itself may react with already formed
hydroﬁen peroxide to form reactive hydroxyl radicles. |

This whole process is an extremelg rapid oné after ingestion.
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Because the outer surface of the plasma membrane has
become the inner surface of the phagosome, the content
of hydrogen pergkide and other intermediates builds

up rap}dly without injury to the surrounding tissue

or organ itself. Hydrogen peroxide is capable of
killing bacteria, fungi and viruses by itself, and as

well, the myeloperoxidase and halide ions enhance its

ability to kill.

The capacity of the organ to detoxigy the hydrogen
peroxide is provided by catalase which combines to

form water, which is'one check and balance that is
provided for tNis "lethal machine®. "Enzymes that
degrade superoxide, such as the superoxide stmutase
are contained by certain microbes, in particular,'
aerobes contain abundant amounts of dysmutase ‘and
therefore, are largé}y ingensitive to the superoxide
intermediates. However, this dysqutase facilitates

ébe production of the hydrogen peroxide which in itself
is even more lethal than the intermediates, so that this
is a moot point. The acidity of the phagocytic vaéuole,
with a pH of 3 to 4.5, possibly secondary to the' lactate
accumulatioﬁ, is in itself bacteriostatic at best and
bactericidal most probably. The low pH encourages )

formation of the hydrogen peroxide as well.

e

In contrast to the 15 .to 20~-fold increase in PMN oxygen .

{
consumption during phagocytosis, the AM undergoes only a
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minimal respiratory burst as it were, The AM has the in
vitro capability to function both through the oxidative
phosphorylation pathway, as well as by the hexose-
monophosphate shunt with increased glucose oxidation.
The ability of the AM to ut.:ilize both pathways is
procbably a response to the changing oxygenation of all
portions of the lung. FigureXXXIIX isasummary of these
metabolic pathways that importantly produce microbicidal
enzymes in the process, The production may be mediated
by NADPH oxidase, representing a possible link between

respiration and activation of the HMP shunf (80,128,167) .

The hexosemonophosphate shunt activity can be demonstrated .
by the measurement of Carbon-14 labeled glucose conversion
to C€02. Under normal aerobic conditions, this HMP shunt
activity is only minimally elevated in the AM, Under
anaerobic conditions, however, the AM shows in vitro
inhibition of phagocytosis, in‘distinction to the peritoneal
macrophages and PMNs ih which there is no suppression.
Phagocytosis is likewise suppressed in these latter cells
?lhen the glycolytic inhibitors iodoacetate and sodium
fluoride are added (157). 1In the‘ rat lung macrophage,
aerobic predominance is reflected by the high levels of cyto-
chrome oxidase and low levels of pyruvate kinase enzymes;
while convergely, the peritoneal macrdphage contains high
levels of pyruvate kinase and phos'phofructokinasa,ﬂ a
raflection of its anaerobic predominance. Interestingly,

the AMs when incubated in an anerobic environment, cl{anged

i N .
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to an enzymatic pattern similar to the peritoneal macrophage,

deﬁonstréting a measure of adaptability that is unique (167 ).

To date, the studies have been gparse in the area of metabolism

and ultrastructural changes with no good correlation. As

well, most of the literature in this area is from‘studies
on the peritoneal macrophage, for reasons that have been ;

mentioned earlier.

Besides serving a mecﬁanical function in the lung, surfactant

is now known to be intimately involved with the bactericidal
activity of the alveolar macrophage. In fact, 25 years ago,
Macklin proposed just such a relationship between the AM

and surfactant on the basis of morphologic observations

( 80,44 ). Precursor labeling for the principle component

‘of surfactant, dipalmitoyl lecithin, has established the R
Type-2 alveolar cell as the primary site for synthesis.

The AM, as part of the normal steady state system as well

as during activated phagocytosis, is essential for surfactant
processing, containing the necessary hydrolytic énzymes to
degrade this lipopolysaccharide. Work in the rabbit model

has shown in vivo envelopment of the AM by surfactant; and

when stimulated 'the AM utilizes the lipoproteinaceous material

to produce hydrogen peroxide, thus creating a bactericidal

environment (44 ). .

/ r T
Lavage fluid obtained from smokers contains more AMs than

‘non-smokers, but significantly less suffactant (see toxic

~
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substances). Whether this fact helps account for the
reportedly higher incidence of respiratory infections
suffered by cigarette smokers would seem only logical,
although as yet unproven. Significantly, it has been
shown that atelectasis per se does not result in the de-
creased prf)duct;ion or quantity of pulmonary surfactant

(44 ).

Disorders of monocyte phagocytosis is divided into primary
and secondary. #Tkﬂ,e disorders of the primary group can be
divided into four functions: dproductiongand maintenance;
locomotion, chemotaxis, and ingestion; degranulation; anh
peroxide production (88,167 ).’ Disorders in antibody and
complement systéms deprive the macrophage of much needed
opsonins and chemotactic factors, as we have seen,
Ligsted by function, these disorders are:

Pr;aduction: bone marrow dysgenesis, bone marrow

ablation secondary to acute leukemia,

aplasia, fibrosis.
. L-d

Locomotion/

Ingestion: Actin dysfunction, chronic mucocutaneous
candidiasis by serum inhibition of cﬁemo-
taxisg, Chediak-Higashi syndrome.

Degranulation: chronic granulomatous disease with

decreased NADH oxidase, 02 consumption,

‘and degranulation; Chediak-Higashi syndrome.

Secondary disorders of the macrophage can be arbitrarily

divided into two = Trauma secondary and Disease secondary:

R e
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A‘ Trauma - ’

Burn/operation: chemotaxis depressed

f

ingestion increased.

Burn/Trauma:; opsonization depressed 1
Burn: - Microbicidal depressed
Operation: RE System depressed

B. Disease-States -~
Production: Acquired neutrgpenias and marrow
ablation secondary to toxins,
sepsis, drugs; hypersplenism.
Locomotion: Infections, protein, calorie
deficiency, diabetess cortico-
sterpoids, rheumatoid arthritis,
malignancy, myeloma, uremia,
cirrhosis, sarcoidosis, leprosy,
Hodgkin's. ' . f ‘\
Ingestion: Infection, diabetes, decreased
opsonins, apd g
Peroxide: None known.
In general, secondary phagocytic disorders are not due to

just one defect, but a number that may all be interrelated

by malnutrition or preceding illness for example (80,81,88,167,138)

7!
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-Bacteria:

When we sense lipopolysaccharide, we are likely
to turn on every defénse at our disposal; we
will bomb, defoliate, blockade, seal off, and
destroy all the tissues in the area. Leukocytes
become more actively phagocytic, release
lysosomal enzymes; turn sticky, and aggregate
together in dense masses, occluding capillaries
and shutting off the blood supply. Complement
is switched on at the right pdint in its sequence
to release chemotactic signals, calling in
leukocytes from everywhere. (172) :

During our work, werexamined two bacteria in particular -
Streptococcus Pneumoniae and E Coli. Both are relatively
strong B-cell stimulatdfs, a behaviéur which is' related

to the structural components of the bacteriae, particularly,

polysaccharide.

~Escherichia Coli:

E Coli is an enteric organism thaé is from the large,
heterogeneous group of gram negative, non-sporeforming

rods which normally dwell in the intestinal tract. They
possess complex lipopolysaccharides in the cell walls

which are known as endotoxins. As we have seen, endotoxin
can activate the alternative pathway of complement cascades.
The coliforms are classified by a complex antigenic
structure - by heat-stable somatic O~antigens, by heat-
iabile capsular K—yntigens, and by flagellar H-antigens,

Thé E Coli are typed according to the K-antigen of the

polysaccharides covering the somatic antigen (21,76,97 ).

i

i
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Streptococcus Pneumoniae are gram positive diplococci,
( arranged in chains and with a polysaccharjjde capsule

that permits easy typing. Typically lancet-shaped, the

diplogocci, with age, rapidly becomes gram negative and ' 1

spontaneously lyses,

/

|

; The capsular polysaccharide is immunologically distinct
i for more than 85 types, providing antigenicity and

{ stimulating B-cell proliferation. The somatic portion

contains an M pr‘otein characteristic for each type and

¢

a C carbohydrate coMmon to all Pneumococci., . 3

! £

Types 1 to 8 and 18 are responsible in adults for around

A

: 80% of cases of pneumococcal pneumonia, and for more than

50% of all fatal pneumococcal bactéremia. The virulence

- w

AT e o

of the organism is a function of the capsule which prevents

or delays encapsulation in phagocytosis. The normal

o v e v

respiratory mucosa must possess great natural resistance

1

' to the Pneumococcus, as 40-70% of humans are carriers of

£
i
!
£
¢

the bacteria. Pneumococcal pneumonias account for about
80% of all bacterial pneumoriias in the general human

population (6,97 ).

The problem of ocaps‘gula’tion of bacterium ‘and the need for
complement fixation has been studied bf 2 groups. And,

it was found that the encapsulated E Coli reguired anti-_
concavalin A or/;ajr‘x]i“:icgn A'gntibody for the peritoneal mouse

macrophage to phagocytize. Con A alone was adeguate for
& :

-




i

- kP B | ALY g PP b o v

80.

the non-encapsulated variety of E Coli. Polymorphonuclear

( cells likewise required the anticon A antibody to phago-
!

»”

RN e

cytize as well as the presence of complement facutf:gt”.} -

B} 7 !
oy
Y

The author points out that the K—-antigen,‘} or(K 1 notably,

is the capsular serotype which endows a /degre>e of virulence

Rl

on the bacteria by p;:ovidmng the capsule. This capsule in

PN

the absence of antibody locks complement fixation to the
bacterial surface probably by masking surface components,

such as lipopolysaccharides which normally are capable of

activating complément (8,82 ), |

The relative need for opsbnins and complement fixation of

various microbes is probably the main causative factor

~

for an influx of cells, particularly B-cell .lymphqcyt‘es.

It is the capsule of both E Coli and Pneumococcus. ‘that

o S T T YSIER  JY n YpE ay

ultimately dictates this response.

]

Immunoglobulin synthesis within the lung,’ that is, the

local plasma cell production of IgA predominantly, along

with IgG, was studied in the rébb;t respfi.ratory tract (72 ). , \\
The average IgA : IgG ratio was‘\z.s in both normal animals
as well as animals infected. with Lister:.a Monocytogenes B
and Pneumococcus. f\nterestingly, the animals infected
with Pneumococcus had sera containing IgG class antibody,
. . but no IgA antibody; whereas only IgA was found 1;1 the |
(?/ ‘ secretions frém the lower respiratc'sry tract. This is ‘in
distiﬁction to the animals which were infeet.ed by Listeria -
who had 1gG class mwm ehe sera, but had hot;h qu and IgG
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in the secretions. Perhaps the difference in local
production was as a result of.the persistance of the
polysaccharide from Pneumococcus remaining after the
clinical infiection, although this was not shown in
follow-up. rFor Listeria, the specihfic antibody pro-
duction was registered by the llth day, and for Pneumo-

coccus, by the ’8th day. l .

The importance of complement varies with respect to the

microbe under consideration. The complement, of course,
[ % .
enhances macrophage phagocytosis of the bacterial pathogen.

A study by Murphy (124), examined the interaction between
antibody and complement in phagocytosis by rabbit alveolar
macrophages of Staphyloccal Aureus and Pseudomonas A
Aeruginosa. Thlay found that if the antibody concentration
was low in the anil'nal, then the complement concentration

became vitally important. .Normal rabbit serum was a )

+

satisfactory opsonin for Staph. Aureus, but was not one
for Pseudomonas. Also, the former was opsonized by both

the c;lassical and the alternative pathways.

When concentrations of Pseudomonas immune serum were
1owered,~either the classic or the alternati\(e pathways
would significantly enhance phagocytosis of Pseudgmongs.“
They showed that the alternative ‘complement pathwe}y was )
less efficient than the classic pathway, but for phago-
cytizing ’encapsulated bac_t‘erium wit,:I} péiysacgharide, this

pathway appears effective in vivo. This complement .
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pathway may be activated directly by plant or bacterial
cell wall polysaccharides or endotoxins, as well as
aggregated immunoglobulins. One drawback of.the technique
utilized in the stucfy was the.‘assumbtion that the uptake

of radioactive labeled bacteria which ‘they used was re-

presentative of phagocytosis and not immune adherence as '

©

well, -

-
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PULMONARY LYMPHATICS

Historicéliy, the first description of pulmonary lymphatics
was made by Rudbeck in 1653 and later in 1675 was mentioned
in the Pharmaceutica Rationalis of Willis (149). Since

that time, there have been man& contributions to the urider-
standing, but significantly, Wy%odzew in 1865 observed 7

that in dogs and horses, lymphatic capillaries were present

in the wall of the saccule alveolares.

A hundred years later, in 1947, Miller divided the lymphatic
system of the lung into 4 groups, the peribronchial, the
periarterial, the perivenous, and the pleural vessels. He
emphasized that no lymphatic capillaries océur distal to the
alveolar ducts, i.e., in the wall of the alveoli themselves.
Although there has been some fine tuning of this concept,

it still holds, the major point being that they are all
interconnected. Direction of flow is also important for

the classification. Lymph flow in the bronchial lymphatics
and the periarterial lymphatics is towards the interior of
the lungs, while direction of the flow in the perivenous
lymphatics is toward the hilus, as in?icated anatomicélly

by the position of the valves (133,149).

In 1979, an anatomical study of pulmonary lymphatics was

published by a group from Japan, in which they/cohfirmed
N i o
the classification into 2 é&stems and 4 groups, that is,

‘
’

/

the 2 systems were intefstitial and parenchymal. The
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offen cited lack of lymphatics in the interalveolar septum

|
( ' was demonstrated by both electronmicroscopy and light

histology. The absence of lyﬁphatics at the septal level
is functionally replaced by the extravascular fluid path-
ways transporting flui& ééé‘proteins to the adjacent

. ) "juxtaalveolar lymphatics"; these provide the most peri-

pheral part of the respiratory tract with a pathway system

E. (139 ]

TRANSVASCULAR FLUID FLUX:

In the last 5 years, there has been a great deal of work

N in attempting to 1dent1fy the location for the transvascular

e e o

movement of fluids in the productlon of g&1monary edema.

{: Two standaﬁd types of pulmonary edema are high pressure

}
5
-

edema secondary to acute left ventricular failure, and high

permeability edema asséciated, for example, with septic

conditions. As we achieve better technigues at examining |

- this transvascularx flux, we have a greater understanding.

Studies on the dog lung by continuous weight recording of

the intact lung, established a pulmonary capillary filtration

-~

coefficient. From increases in the éapill;ry hydrostatic
‘pressures, a critical value (PC) was reached beyond which

the lymph flow constant (J-1) was overtaxed, and thg lobes*

- coﬂtinued to gain weight at a more rapid rate, mbe mathe;
maiically éerived Pé criﬁical~1s equal to J-1 max over KT.

This ratio r;p;:‘esents a pressure differential across the

'cqpiilury membrane capable of causing maximum filtration.

-
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To this, was added PT max, which is the tissue pressure

! -

maximally registered plus delta, that is, the oncotic
pressure differential measured across the capillary

membrane. Thus, mathematically, a direct relationship
was established between the PC critical and th‘e plasma

oncotic pressure (63 ).

The reflection coefficient of urea, glucose, and sucrose
was usedm in an isolated dog prepatation to calculate
the poré radii in the alveolar capillary membrane., 1In
the alveolus, the pore radit’:s‘is calculated to be 6-10
Angstroms, whereas the pore radius of the pulmonary
capillary membrane is 40~58 Angstroms (see Figure XXXI)
Therefore, the ’pulmonary capillary meglbrane represents
the more highly permeable structure, and the more likely

location for possible large fluid transudation (170).

+
h

The two pore concept for exchange sites is now fairly
well accepted in the transvascular fluid shift. By
examining albumin and sucrose flux across the blood-gas

barrier, two pores have been postulatéd - one a small

pqr’e pathway and the second involved in direct bulk flow

propo;-’tional to the concentration difference (179),
Further functional definition is needed before one can
absolutely match in vitro mathematically derived solute

exchange studies to-anatomic sites.’

f
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Changes are also occurring in the two compartment 'theory
which was adhered to for a long time, but with the advent
of radiélabeled solutes, this concept was found inadeqdate.
Now, besid}es intravascular and intra~alveolar, there is a
recognized interstitiia. £luid épace. Staub has to be
éonsidered a main force in this area of pulmonary lymphatics
in which he has been working for years. Early on,' his

lymph £istula modé'i‘é, using first dogs, then sheep, allovwed
good correlation between scintillation scans and measq;ed

flow.

Measuring RISA uptﬁke from the’ lung 1lobe of the dog, he
found the pemeabiiity coefficient was more accurate whﬂ}en
a trlird compartment, the interstitium, was added to the
alveoia;: and plasma fluid compartment model (163,164 ),

. \
The interstitium appears t':o £ill by bulk flow through low =~
resistant channels from the alveolus along hydrostatic
pressure gradients. In a possible sequence of edema
formation,’ if\terstitial edema precedes alveolar fioo‘ding.

As the interstitium fills with fluid and protein, the

minterstitial hydrostatic pressurfe increases until it

equals or excedes the pressure in the airway. At that

point, fluid and protein leak retrograde back into the

-small airways and alveoli, at that point’reflecting the

PC critical as mentioned in the prior study. lvgejw‘ill ,

discuss’ these concepts more in the section on‘puirxiaoniry

edena,.. L
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] For years, researchers have pursued the concept of ’

!
L 1 13 ) L y
1 (‘ Yransitional vessels as the site of transvascular fluid

-

movement via the "pore system". Macklin and Permutt

over 20 years ago tendered the idea of intra-alveolar

% g2

and alveolar vessels. When examining blood volume, they

considered the pulmonary vessels to act as if composed

G e
L4

s

of 2 compartments. One that expands with a rise in lung ‘

s

voigme and the other that is gradually compressed during

the same maneuver (129,179 ). . . : .

~_ "

This line of investigation led to the more recent discoveries

by Nicolaysen that the site of exchange does indeed appear-

to be in transitional vessels that behave as both alveolar

LR R R RIS i TN ~ e A o Yy P

and extra-alveolar. He demonstrated this by examining

o

Loy

isolated p;asma:perfused rabbit lungs which wegp’kept'

Al

completely in zone 1 condition; that ié, the alveolar

preésure was greater than the vascular pressure at all

-

levels in the lung (129), A decrease in pleural prespure

B ' at constant alveolar and vascular pressures resulted in

an increased rate of filtration an@ a decreased rate of
¥e—absorption. On th; other hand, an increase in the
aiveolar pressure at constant pleural and vascular pressures
'led to a decreased rate of filtratiqp or an kncreaéed rate
! of absorption. The localization of the éransitional vessels
( is ;onsistent with the so called "corner vessels" at Ehe '
alveolar septal junctions. Here, the vessels are known to

‘3§! reimain open in the zone 1 lungs as shown by rapid-freezing

technique. Anatomically, these vessels are distinct from

3
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alveolar septal capillaries which close at equivalent

alveolar pressures.

°

¢

The examination of edema formation in the llung has been
advanced by radio-:':sg;opic investigation that has utilized
the 3 compartment concept. For example, étaub not only
correlatedlymph and protéin analysis with scintillation
transvascular protein flux, but he selectively labeled the
involved spaces, Albumin I 131 which is d;i:ffusable, is

followed for -wash ih or out presumably capable of transiting

the pores, and 51-Chromium tagged erythrocytes non-diffusable '

and therefore will,act as a relatively stable background
label (64,165 ).

A group from Oxford cannulated the right 1ymphati<:: duct

in a dog and correlated rapid exchange of the radiolabeled
élbmnin between the plasma and the interstitial space (139).
This cannulatjon in the dog's right lymphatic duct had a
mean flow 0{2,8 ml per hour with a baseline lymph : plasma

—r

protein ratio of 3.4 to 5.9, noting that the measurements
o

/ s
were taken at the same transpulmonary pressure to avoid any

T

variation. Two points that the group makes are tﬁat an
arbitrarily postufated 2 compérgment model was unsatisfactory
for calculations of transcapillary albumin flux if the “siée
of the interstitial space varied. In fact, this size does
seem to vary ﬁnd therefore, the 3 compartment moded is more
physiologically valid. Secondly, they pointed out that the
presence of a chest wall~ in man and close-chested animals - :l

!
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precludes the direct application of this method because . . -
of interference. However, the group hastened to add ‘)) ‘

that isotopes. with- emission of gamma rays of 2 differer;t
energies, such as I 123 may be used to study theivjdee‘p’
organs in the future, .

]

-Alveolar, Absorption:

. i
t

The effect of absorption of material from alveoli into the
system is incCredsingly recognized as an important physio-
logic action with significant clinical implications. .
Certainly th,e study that we have made invo'lving the intro- |

. . , /
duction of aerosolized microbes has to have some under-

standing of this procesé. The possible exchange mechanism
‘was discovered in one study as the pulmonary blood. The
absorption‘of?‘ albumin from the alveoli of anaesthetized

dogs was evaluated by radio-isotope, after cannulating

the thoracic and/or the right lymphatic ducts (117).

Albumin absorption was 71 to 11 times greater by the blood thanby
the 1y;nphatics, ands the rate limiting step in the removaii’
of protein was from the alveoli interstitial space rather
than passage thréugh the alveoli epithelium. &Although

the latter~did dem?nstrate lymphatic removal of the

alveoli albumin, it represented only minor amounts in

terms of the total absorption. The calculated derived
ratjo of z:egfc;mal blood uptake to the lymphatic uptake

was 10.7 to 1 or with a relative efficiency expressed

as 37 to 1. . ,




.incorporation into the lung lipid material.

_Pulmonary edema may represent the final common pathway in

90.

[

Absorptﬁon of the intact protein molecule albumin radio-
labeled with I 131 has been shown in the intact dog lung

from alveolus to the vascular compartment, This -

" demonstration of intact antigenic protein particles

absorption has some physiologic impottancg as jt re-
presents a conservation of solutes thay may esc pea;nto
tﬁ; air spaces. This may alsb(répresent an important

mechanism for allergic reactions in thevlgng as well as . J

the formulation of antibodies (10 ). . R

Finally, the transalveolar upéake and utilizp¢i6%>of

aerosolized glucose is interesting frém a metabolic
és well as absorption point of view, Comparisons were
made of the production of Carbon-14 labeled CO2

The mainte-
nance of high energy phosphate levels in lung tissue
confirmed that the substrate could b€ utilized from the

airway side of the isolated rabbit 1ﬁng (78).

PULMONARY EDEMA:

~Introduction: .

qgspi:atory failure from many different etiologies not the
least of which from our point of view is the introduction
of bacterium. In fact, the patient who is praoven to be

septic with positive blood cultures and who does not have
some pulmonary complication, such as edema or even shock

is uncommon. Besides the specific organism, the handling

,):i
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of resuscitation, the underlying cardiac or 'pulmonary

ﬁ( disease, as well as overall nutritional status become

Az e g

relevant in managing this patient. Cognizant of the

J fact that our work primarily centers on the effects of

-~ N

bacterial infusion into relativély normal lungs, the

* - s - - s k/ L3
interaction between many factors in the formation of

' pulmonary edema led us to review the subject, both in

thé experimental and in the clinical literature.

~

3

T e k. M ek

. There are two basic types of pulmonary edemgx the

pulmonary capillary hydrostatic pressure edema or so

called "high pressure"”, and altered permeability edema
or "low pressure”. As well, there is a small sub-
group classified as "lymphatic failﬁyei. Of the high

pressure type edema, the most common is the cardias or

~

. & - ) o
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left ventricular failure model. Non-cardiac causes are

the occlusive diseases with lesions located within the
pulmonary veins and venules, and sometimes seen onlpoéﬁ;

-

mortem, Fluid overload in resuscitation also represents ,
{//?/type of high pressure edema, A third group is tﬁét of
lymphatic insufficiency and major causes that are known,
silicosis and carcinomatosis, both result in chronic
obstruction of lymphatics prédisposing to pulmongry edegp.
hOur main intefeg% fo;‘the purposes of our studies, however,
is-the second major type of pplmonar;ﬂedema from altered
permeability to.t?f transcapillgry fluid flux that we

7 .

digscussed earlfter, . R\
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-Lymphatic Cannulation:

Much of the knowledge about pulmonary edema has been
gathered, as we have seen, ‘from the ﬁon-—invaéive techniques
of :;adi/o-isotope labeling and solute transcapillary flux.
Functional studies, utilizing lymphatic cannulation, however,
were’neé,éed to make in vivo correlation with the various ,
states of pulmon;.ry edema.- r
. .
Thé development of lymphatic cannulafion began with the
early work of Drihker (1940°'s), whoﬂ emphasized the right
lymphatic duct in making valid studi;s of "most of” the
lung fluids (149). Since theh, Staub and his group from
San Francisco, l-;ave deyelopedha sobhisticated ’chronic . -
lymph fistula technique. From this and other work, the

right lymphatic system does seem preferable to examine

for a number of reasons.

After' the bronchop;llmonary nodes, Staub:s group demonstrated
that all efferent lymph vessels of the 1ung,'exce§*i; for. the
lymphatics ’of the left apieal area, drain into the‘@right*
lymphatic duct ( 54,177,178 ). The left apical area drains_
into the thoracic ‘duct. In fact, because this was largely o
ignored with studies. o6n the thoracig duct in the past, " -
particularly i-n Drinker's earlier wérk‘, his data has to be

considered inconclusive. Lymph in the right lymphatic

"duct is mixed with pulmon}ary and pleural as well as peri-

cardial, and right upper extremity lymph, as shown by

radio-isotope methods.
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Vreim and Okuda developed a method of cannu]\.atiné the ™
right lymphatic duct using the cephalic veirli as a land-
mark, a modif;céfion of. which we used in’our' pig studies -
(177). In another paper by them, they" showed 'thatn,in-
dogs, lung lymph to the thoracic duct and- to the right
Aymphatic was divided 509,!; to orie and 50% to the otiler
(133) . They demonstrated this using simultaneous
cannulation, ligating the thoracic duct azbove the- diaphragm
and: inducing alloxar; pulmonary_ edema. ‘Hc'avye'ver,: the right
lymphatic duct was shown to be more acéurate in that 8

of 8 dogs had increases in the right lymphatic duct flow
with the pulmonary edema, while o‘nly 4 of 8 had increases
in the thoracic duct. Again, they cannulated the right
lymphatic ;zia the cervical lymphatic from the neck.

Gee's study confirms that the right lymphatic duct did
indeed increase in iymphatic flow by greater increments
averaging sixty-fold increases, while the tho:;acic duct
had only thirty-fold ir';creases when a fluid challenge
equ:.valent to 30% of \a dog's body weight was given (54 ).
They used the technlqhe of Vreim and Okuda, cannulatlng

the right lymphatic duct. )
».‘/ ‘{{t

. ,

The present so called "Staub preparation” is the chronic

lymph fistula in the sheep which is placed in the right

caudate mediastinal lymph node efferent, and involves

a thoracotomy. A combination of this model with radio-

isotope studies provides us with functional information

LS

on fluid and solute flow in the compartments of the lung.
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mean results .are the following:

returning proteins to the general circulation ( 45,114,176 ).

f:’ . -+ v - - - - - o - o 2
. . N 94. Y ’
One such study serves to illustrate this' and provides us’

with some basic flgures. .

i .

! i -

3

A Staub sheep modé';l preparatron was used to measure pulmonary
vascular pgessuiqe,; lymphatic flow, lymphatic to plasma protein
ratio, using radio-labeled albumin as a washout technlque.

In one preparation, Pseudomonas Aeruginosa bacterium was
infused intravenously to- create the increased permeability
type pulmonary edema,/arrdf‘?f another, a left atrial balloon
was placed and infla‘ted to cause high pressure edema, The
measurements of the micro-

vascular pressure in cm of water, lymph f£low in ml per hour, . ¢

lymph to plasma protein‘ratio and tracer equilibration

expressed as half-life in hours was 10.7, 5.3, .87 and 2.9

respectively for controls, high pressure edema was 25.4,
16.1, 0.63 and 2.2 respectively; and finally, -increased

permeability was 12.9, 37.3, 0.77 and 0,7 respectively..

o

Understandlng the pathophysiology, the high 1ymph ‘o plasma -

proteln ratio for the controls is a reflection oﬁ the

important role the lymphatics perform in retrieving and

We will examine the SpElelC effects of bacteria on the

formation of pulmonary edema in a later sectidn (see Sepsis) .

- ¢!

~Lymphatic Reserve:

N

/
" clinical relevance than the concept of "lymphatic pump

- s v
The concept of high or low pressure edema may have less

failure”. The transcap;llary £luid and proteln balance

is one .of constant exchange in both normal and abnormal o
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- llnked by covalent, electrostatlc, and hydrogen bonds as

f
.~ provides a sponge-like space between parenchymal.cells

water and protein from the interstitiﬁh. . “
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gituations with the rate limiting step lymphatic.removal

of fluids and protein solutes. This solute retrieval and

return to the systemic circulaeion ﬁéy have the largest
consequences for the formation of cliﬁically evident

pulmonary edema. The concept of the lymphatic pump in
combination w1th the interstitial matrlx preventing edema
formation in normal as well as abnormal situations implies‘ {
a reserve capability when the system is taxed - a safety

factor as it were,

The interstitial, pulmonary space, in effect,’ represents

an important reservoir 1ocated so' that it allows the
accumulatlon of fluid and protein at a site that is remote
from the prlmary gas exchanging sites in the lung (21,65 ).
The interstitium itself is composed of collhgen, muéoéoly—
saccharldes and other structural macromolecules which are

? 7

well as by,mechanlcal ties. This 3-dimensibnal matrlx

for the containment of the solvent and the solute molecules. -
ad ) :
Any increase in interstitial p%éesure leads to an increase

in lymphatic flow rate allowing moré’ rapid removal of both.
3 i ’ AN

.
A

A major factor in the compensatory power of the vessels to

prevent edema, is the sensitlvxty of the lymphatic pump to

‘ »
‘\1

changes in interstitial pressures ox volumeyf”Myogen c

response or cohtrol of pumplng is dependan% on the beat

‘”x ) -
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frequency and stroke volume both of which are variably

graded in proportion to the degree of stretch of the

lymph vessel itself. Pressure dissipation by the lymph

pump minimizes fluid accumulation in the interstitium

b

when capillary pressures rise, - .

Brigham in a normal sheep preparation showed that with

-

interstitial pressure rises of as much as 10 mm mercury,

o

o

there is no change in measpred lymphatic flow. 1In this

1
|
i

case, he calculated that the sum of interstitial matrix

. and oncotic pressures changed by 10 mm mercury to keep
a balanced steady state. If, however, the lymph flow

increased in response to small increments of the inter-~

R R T q’a&@&ﬁw\?ﬂ“‘ RS Ly S SRSt - < s (RIS
A
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stitial £fluid, the sum of the two interstitial forces

may change by only 5 mm mercury. (21) s

2 A R A
H

The second important facet of lymphatic compensatfpn is

the protein "washout” from the interstitial matrix by an
increased efflux and dilutional effect, féaucing inter-~
stitial oncotic pressure. When fluid accumulates in the
interstitium, the oncotic pressure falls b§ simple‘dilution
bécause a greater portion of the interstitial water is now

available for ‘proteins to be more diffusely distributed.(65)

According to the individual situation, the matrix may in
\ fact vary-in being soft or firm, absorptive or non-absorptive.

The interstitium tends to be generally compliant in areas;

such as the lung, where an incCrease in interstitial pressure
' )

»
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’ permeability type of pﬁlmonary edema. These include, for

' with silo-filler's disease; and paraquat which is used in

vy w it af nan n o AVRTERATCEINY e ey o v b a e v e e o e
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would causé a severe dysfunction. Steric hihderaggg

may\hlso cause the matrix to inhibit or discourage the ‘ /

entrance of plasﬁa proteins.
. ot | 1

In summary, the margins of safety are provided by 1)

myogenic compensation which is sensitive to the increased .

pulmonary capillary resistance as wéll as the decreased

capillary surface area, 2) to the iﬁterstitial compensation

secondary to increased interstitial fluid pressure and

dilution of the interstitial pressure, and 3) the lymphatic /

éompensation with an increase in fluid removal and a washout
of the interstitial protein (21,147 ),

¢

The concept that pulmonary lymphatics have inherent safety
¢ ¢ ‘ ! ,

factors is a comforting one. In reality, however, there

are numerous clinical situations or conditions that appear

to overwhelm this faculty of lymphatic fluid and protein, ¢

removal. For practical purposes, the lymphatic reserve -

cannot be externally manipulated other than to keep a

hf@hly compliant lung, to increase.the reservoir, TréEEment,

J
at this time, must contipue to focus on the underlying

—

disease process.

-Toxic Inhalants:

|

Toxic inhalants are known etiologic factors for the high
/ \

examples, phosgene géses; nitrogen oxide which is found
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> marijuané spraying in Mexico and is so injurious to marijuana
(, smokers. The inhalants have a direct effect on the alveolar

and endothelial cells { 147). ¥ ‘ )

-

Two inhalants which we have discussed with regard to macrophage
and cilia effects are cigarette smoking and oxygen, The

alveolar capillary membrane essentially consists of the

epithelial layer, the endothelial layer, and the interstitial

mre—

space, as we have seen, Up to 90% of the resistance to the

transcapillary flux and di.ffugion of hydrophilic molecules
1 is in the epithelial or the aiveolar portion, which is
consistent with lthe work of Taylor and others (170,179 ).

" Barly changes in alveolar permeabil‘f;‘:‘;f can be demonstrated
with the use of tecl:metium-—lalbeled albumin in cigarette
smokers (99 ). Less than a pack-a-day smokers had an increased
alveolar diffusion rate versus that of the non—smok;r; this
measurable abnormality may be a prgdisposing factor for

!

s+  pulmonary edema development.

Pulmonary oxygen toxicity appears to be as a result of high

concentrations causing peroxidation pf unsatura{,-.ed fatty

acj'i.ds in cell membranes and further cytotoxic effects through

free radical damage. ‘A study performed on‘Staub-prepafed.

lambs breathing 100% oxygen for 5 days demonstrated that

) lymph flow dm;hled, protein flow increased by 131%, and as
well, radioactive tracers showed an increase in pulmonary
microvascular perme@bilit; (20). There was also an increase

in pulmonary 'vascular resistance over the S’ day period of

osappammsnons
I
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j ‘ oxygen therapy, 2 finding that appears to be' an almost
uniformly consistent one with pulmonary dysfunctlon of

L many dlfferlng etiologies. o

4

f The possible hypefoxic injury to the Type-2 a}}veo];.’ar

T pneumocyte could also jpredis'pose to pulmonary edema by

MO o G L SRR . e TR B, RN
4

i the diminishment in surfactant. Surfactant is probably
! /

better known for its surface fusion effects than as a —

Y5 Y PESHEAERN L v

previously discussed bactericidal substrate (see Phagocytosis).
) The action of alveolar surface tension effect is to create /

i - a vector of force :.nto the alveolus wherever the alveolar

surface is conven. For this reason, 1ntra-a1veolar edema
te’i'xds to develop'at the corners. Likewise, it is for this
’ ‘ . reason that the surfactﬁgt, action more equitably distributing

‘ c .+ 7 the tension over the entire sur face, 'helps to prevent collapse,

‘o and formation of edema. ) - -

-Illness and Compl:.catlon.

-

Illnesses and compllcatz.ons secondary to the:.r treatment can

-

G A ST L T DT MRS R P e T 1t 5 o s
-

cause high and low pressure edema and they include ‘the

—=£ollowing. r

Pulmonary embolism causes a release of vasoactive substances

resulting in an increase 'in capillary permeabibi;ty. 'serotonin
mtd \ .

is'released in the largest quantities, this producing pulmonary
T

 venous constriction with large secondary fluid tra’nﬁsudation.“
Cardiopulmonary bypass has multiple factors including neuro-

'genic as well as micro-emboli with the release of toxic

G ,
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substances. Metabolic dep;:ivation during long cardio-
pulmonary bypass must also be considered as a possible
etiolégy (119). A type of DIC or diffuse intravascular
coagulation may play a role in these and other situations,

as it has been shown to cause di;ffus% endothelial damage.

As well ag extracorporeal circulation, DIC can be secondary
to immune compJ'.ex diseases, eclampsia, amniotic or prostatic

£luid embolusl, and from sepsis and endotoxemia.

j
e | \ ,

Aspiration pneumonitis, in the. ob_tunded incapacitated
patient, causes permeability pulmonary edema. Animal

/  studies show that after instillation of acidic solutions
with pH varying f&rgm 1.5 to 4.5, a pH of 1.5 to 2.5
showed the most significant edema changes compévred to
those .of the other groups (58,59 ) vPretreatmenjt.a,with
slteé:oids in the quantity of 30 mg of prednisclone per

kil?)g;:am body weight revealed no benefit with a pH less

than- or equahto 2.5 in preventing alveolar eplthellal

permeabxlzty. This was studied us:.ng the transcapillary

solutes albumin which measures 35 angstroms)and dextran

which measuresi100 angstroms in diameter. In ani

either pretreated 30 minutes prior or 30 minut after,

o o . . V.
there was no improvement or decrease in«resultant permeability.

Lastly, acute left heart failure in compromised cardiac
patients by over-hydration is the mpst‘.cor;mon cause of

high pressure pulmonary edema. Thankfuﬂl‘ly, this type is
probably the most amenable t<; tjreatment.

¢
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-High Velocity Blood Flow:

Staub recently described high linear velocity in pulmonary

blood flow as an additional etiology of permeability edema

(164). The effect i$ seconda:ydto injury of the micro-
;Ascular endothelium. He cites fecent reports of humans
who deﬁélop'acute pulmonary edema after exertion in high
altitude in whom the right pulmonary artery was found to be
congenitally absent. The ramificatioh of this concept is
not just high altitude or neurogenic edema, but also to
the more common problem of mg;fiple pulmonary or micro- .
emboli. Localized edema may develop in areas of perfused

lung tHat would receive relatively more blood flow from a

shunting effect.

In an experiment to follow this up, he and his colleagues
reéécted ail but the lower lobe of sheep and obtained an
increase in interstitial_edema with a proteih content
consistent with high pressure edema in the remaining
interstitial spaces. This has fairly obviouseclinical
significance for the post-operative management of the
pneumonectomy patient. The remaining lung tiésue must

therefore rapidly acrommodate a greatly increased amount

N

- of blood.

»Miscellaﬂeous:

Other causes of high permeability edema are mentioned

r

briefly and include the following (21,56,147 ). /

J

High altitude type edema, the Andeans call it "Siroche”,

/
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to date has no good explanation although a neurogenic
etiology is possible, secondary to the imbalance of

alpha and beta-adrenergic activity produced by an

. increase in CSF pressure. Also, hypervolemia secondary

to relative hypoxia with transient intravascu%gr

DN

coagulation is suggested. Herboin overdose is again
possibly a neurogenic etiology as post-mortem cerebral
edema is found in a large percentage of addicts with

both enteral and parenteral administration.

The release of vasoactive substances, such as his;amine,
serotonin, kinines, prostaglandin all result in an
ipcrease& permeability of the bronchial venules. These
are, of course, mostly involved with the anaphylactic
situation and endogenously controlled in the lung as

we discussed in the section ;n hormone capacitance -
and prostaglandin mediation. The causes of this release
may also be a non-reagin reaction like hypersensitivity
pneumonitis, seen in medical conditions, such\as Systemic
Lupus erythematésis, Good Pasture'sDiseasé, and also
with sensitization to leukd%ytes secondary to multiple
transfusions. T@EE/Last situation of shock lung evolving
from massive injury and hemorrhagic shock with massive
resuscitation including transfusion is not uncommon in

surgical care and management. This topic will be covered

in the section on Hemorrhagic Shock.

’

' -Prostaglandin Mediatione~

The interaction of the opposite effects of prostaglandins
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may be of paramount importance in' the development of
¢ (’ fluid and protein imbalances Withih4the luﬂg, as we have
seen in an earlier section. For example, the depressed

e

inactivation of prostaglandins demonstrated in the rat

-
Baasarlao: oo ooy

after being given endotoxin has significant implications

' ) for the pulmonary picture in gram negative sepsis. (97)

I

0f clinical interest is the fact that heretofore the

hemodynamic response to positive pressure ventilation y

W AR Pl iy

has been attributed to a decrease in venous return.

By pretreating animals with aspirin, it is possible

//

T e L i S L S N I S
a [}
:

to partially avert the anticipated decline in systemic 4
blood pressure (32,48,135,113). Aspirin, of course,
acetylates cyclo-oxygenase and is a well recognized

inhibitor of prostaglandin synthesis activity.

/

Animals pretreated with aspirin showed a significant

reduction in embolus-induced pulmonary vasoconstriction.
The embolized guinea pig lungs released high concentration
of prostaglandins and rabbit aorta contracting substance
. which has since been identified as thromboxin. Finally,
increased prostaglandin release has been detected in '
edematous lungs further implicating the substances in
the cause and effect of ARDS.

¢
Paretti and his group studied a patient with congenital
deficiency of cyclo-oxygenase and found that low dose

aspirin was more effective than high dose at inhibiting

L
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the production of thromboxin A, a potent inducer of
(J' platelet aggregation. At higher doses while it did

inactivate thromboxin A2, it likewise reduced the

vascular concentration of the anti-aggregatory prosta-

YT SIS PR e e g

cyclin PGI-2, thus producing a thrombotic tendency (135).

o

Prostaglandin balance was also implicated in another animal

study in which the clinical picture of ARDS was created by

e e R

infusion into sﬁgép of activated serum incubated with zymosan

-

(5& ). The production of a relative leukopenia and pulmonary

leukostasis, with resultant increase in pulmonary vascular

resistance and decrease in pulmonary arterial oxygen are

A g o

.
typical findings with ARDS. When the animals were pretreated

with sulfinpyrazone, a known prostaglandin biocker, the \

BT
N

¥ s
: {: pulmonary effects were prevented. There was no evidence
- of a direct pulmonary vasodilator effect, nor was comiplement

activation effected, and lastly, there was no change“in

1
' platelet number or response to ADP to account for the
- beneficial effects of sulfinpyrazone. Thereforé;/the

benefits were Ig}t to be secondary to the drug's effect

as a prostaglandin blocker.

-Diagrniostic Techniques:

The clinical interest in thé formation of pulmonary edema
has led to the development of quantification techniques
that might in the future be applied to the human gituation.
The first is the measurement of lung density‘utilizing a
beam of gamma rays to quantigate lung water by comparison

to previously established lung density feadings for normal

L
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and abnormal situations. The technigue utYlizes the
transthoracic gamma ray cobalt-57 and has been confirmed
by dog experiments .to accurately ref}ect the water
changes within the lung during acute pulmonary .edema
(53,156 ). This technique certainly has promise for

the ¢linical application as it is non-ifvasive and
appears to be a relatively accurate technique if good

controls are first established.

T

Another method slightly more sophisticated and one which

is not clinically applicable at the current time involves
enzymatic tracers (158). The tracers which are peroxidatic
are I.V. infusions of Qarying size molecules which function
as probe molecules for vascular)permeability. The author,
Simionescu, discusses the complexities taking into account
molecular weight, peroxidase activity, molecular charge,
toxicities involved, cross-~linking with tissue and the
optimal pH and temperature. Three major problems are
identified with the ‘technique before it can be used in '
clinical gituations, and they are: 1) the need for
guantitation, 2) the need for tracers with diménsions'less
than 20 Angstrams . and 3) the need for tracers which are
more physiolbgic and frequent inhabitants of plasma and "
interstitial fluid. So that.to date, this technique can
only be considered experimental, and although appealing
from a molecular point of view, is largely superceded by

radio~labeled solutes.

A group from the Intensive Care Unit at the San Francisco

i+ =
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5 . General Hospital recently developed a bedside Eéohn;gue

to measure axtravascular lung water in following patients .

tha
{ ! ;
+

who suffered from pulmonary adema,‘particularly'those with

o

adult respiratory distress syndrome ( 107). The technique
involves the utilization of thermal-green dye double
indicator dilution technique, and requires a 5-French -

femoral artery catheter with attached thermistor, and

|

either a CVP or PA éatheter. The lung water is calculdted

AREPESIRI ARSI TN PR ma s
-

as a product of the thermocardiac output and the difference -

5 g A

in,the}mean transit times between thermal and tﬁeldye
' . oo

- T;Ic:urves. The resalts correlated well with any autopsy -
findings of lung water as well as such clinical parameters
as the ches% X-ray, the PaO2, the PA wedge, and the

pulmonary compliance. v

-
4*1.
(

The examination and classification of pulmonary edema in

clinical situations, as to high or low pressure types, has

e = L

o 251

confirmedﬂﬁhe expérimental concepts of transvascular flux.
Patients with left‘ventricular failure or in whom volume
overload was a primary cause 6£ edema were compared to
patients who exhibited the high permeability edema ( 24)3.
Patlentg in this latter group had suffered from shock£

/ aspiration, bacteremia, near drowning, coagulopathles,
drug overdoses and pulmonary emboli as well as smoke
inhalation. It was found that the edema fluid to plasma
colloid osmotic pressure ratio for the multiple cause

(or high permeability group), was significantly higher

than the 1left ventricular failure group with a mean of

’
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0.91 ’versﬁs 0.51. As well, the group with the high
permeability edema had normal pulmonary wedge pressure
measureﬁénts& " As long as the\plaéma colloid osmotic
pressure was maintgzhed with colloid replacemené, the
rapid transvascular fluid flux continued primarily due
to the increasedufiltration at the alveolar capillary
ﬁembrane due to its permeability. On the otﬁerhﬁana,
when pulmonary edema develops from high pressuré, the ~
membrane remains an effective barrier to proteins,
ﬁarticularly the larger 6nes such/;; globulins. This
was confirmed by a relatively lower and more stable

colloid lymph to plasma ratio ( 56).

The other side of the spectrum, the high pressure type
edema, was examined in several clinical populations and
the finqgngs confirmed the transudation theory initially
elaborated by Guyton. That is, the fluid began to
transude into the lungs when the lef£ atrial pressure

was increased to greater than 25 mm mercury if the plasma :

protein concentrations were normal. If the protein

- concentrations were reduced to half through plasmapheresis

or hemorrhagic shock with a replacement of non-colloidal

substancegs, the transudation began at 11 mm mercury (123,166
This showed that the severity of pulmonary edema was pro-

poftional to the gradiént begween the plasma colloid osmotic
pressure and the“%ya?agtatic péessure in the pulmonary edema

¢ <
formation.
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!

In another recent report, 26 patients with acute myocardial
S
infarction, 14 of whon developed pulmonary edema, were -W,

studied (33 ). To predict the high risk of pulmonary edema,’x

the gradient of the pulmonary weddk pressure to colloid
osmotic pressure was less than or equal to 9 mm Hg. This
ratio was utilized in the clinical management and therapy

in patients after the onset of high pressure edema, in this

case secondary to acute left ventricular failure. The

concept is essentially a clinica}vextrépolation of Starling's

forces that Guyton and others elaborated.

‘

~-Sepsis:

As we have seen from the clinicai study by Fulton and JSnes
(50" ), sepsis is the single most common etioclogic factor in
post-traumatic mortality. As part of the mplgiéle organ
failure pulmonary sepsis, conﬁidéred for years "the old
mah's friend", has a véfy high lethality. The mechanical
diffusion barrier in:the alveoli with edema fluid is the
E?st obvious lethal meqhanism. Depending on the type of
bacteria, systemic ciréu}atgty collapse may occur as well

as the lung effects. Death, if it occurs, has a multif

factorial etiology.

§

Orgahisms vary as to their~1esse; or'greaéer pulmonary edema
potential, wiéh gram negative bacteria a sgandard to which
comparisons are made. The hemodynémic and pulmonary effects
of infusing live E Coli intravenous}y as compared to purified
endotoxin into dog and monkey demonstrated that live E Coli

was more effective in eliciting a démaging effect on the

SO S

-y




' . . 4 o0

) 1
) N . ' N s - . - = - - vy T T o M -
o K\ . ; SO ) :
. b
N R . \
_ N ’ -
;

s
PR, o A R ARt e 7 e et A A bt i % e ¢ % ] ey o o Y i ot
¢ v

[

P
) , A

* e . . ! ’ . » v %X - 109- ’ ’ ¥
;: » } . . - N . -
g: Y 4 . t , “ B , < . i ) .
: ‘ lung (154'). This was reflected by an increased pulmonary
‘ (; - papillafy’pressure,of 10° mm mercury with the live bacteria

A . . - . A
. . ' J \ ) ‘
versus 7.4 mm mercury, for the endotoxin studies, and as

.
R e

\ ) well, the former exhibited a greater decrease in surfactant

production. Histologically widespread alveolar and endo-~

% >

thelial cellular damage with florid edema and hemorrhage

into the alveoli as well as endothelial disruption, was

- . ;

Pt A N

greater with the E Coli.

/ J

‘e Moss and his ‘colleagues from Chicago also examined the
efféct of gramnegative bacteremia on the etiology of

pulmonary edema ( 145), Studying the live péboon, they.

\

examined the interaction between sepsis alone, infusing
€ live E Coli intravenously at 2.7 to 5.4 x 107 organisms ,

per hour, plasmapheresis alone, and plasmapheresis and . :

SRR 2SR SR R et s

/ - sepsis/fbgether’as the poésible etiologies of pulmonary

edema. The effect of plasmapheresing the animals was

to dec¢rease their effective colloid osmotic pressure /

. téfg«,mﬁmﬂfm TGS

significantly.

The coiloid’osmotic pressure decreased by 45% with plasma-
pheresié along, 60%‘by plasmapheresis and sepsis, and 32%
by sepsis alone. The wet-to-dfy lung weight ratios on all
3 éroups were similar with no signific#nt\differences
shown and during the experiment, the pulgonary artery
wedge pressure gradient remained the same in all groups.

' The conclusion in this study was that E Coli sepsis alone

does not account for the formation of pulmonary edema, / 3
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but is pént of a cumulative effect with other factors,

gt Aok~ TR

% (:J such as maihutrftion, previous lung, or cardiac injury. J

? “\ , | *
é A . . . ) .

§$x In some slightly more sophisticated work, Brigham and . -

: - Weim compared -high and low pressure (high permeability) “}
J »

3 edema using a Staub sheep preparation. The high pressure

¥ - )

T

variety was created by mechanicall§ causing left atrial

outflow obstruction using a left atrial balloon, and the

#
%

high permeability type by intravenous infusions of

1

histamine, Pseudomonas bacteria, and E Coli endotoxin N

itself. (22) ‘ \ |

&,

\

These ﬁicrobes were infused at a rate of 0.2 to 1.33

‘ mi;rogramsfggf kilogram oyer a 30 minute period, and
the animals followed for 6 to 8 hours. Three transport
coefficients were required to cha;#cterize the properties

of the pores involving filtration, reflection and

permeability coéfficients.

"Assumptions that were developed by Staub's ;nﬂyvmmk
and used in this study are that a significant fraction
of the protein fluid and tracer molecules move through
the same pore structure. That the»capillary membrane

7

undergoes passive transport due to a hydrostatic con-;
centration gradignt, That the interstitium has con- - .
centrations of solutesvﬁdentibal to conceﬁtratiqﬁs in

the lymph draining the interstitium and that th%s is

drained by non-sieving lymph ducts (163), '
(“"

v

fridpalingaei s it
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In contrast to Moss's work, he found that E Coli endotoxin

caused the greatest increase in lymph flow rate (30 to 45 ml -

per hour); as well as the highest protein content. Analysis

of 8 pfotein fractions révealed that the endotoxin caused

a much ?reater relative clearance of the ;argef fractions
___than did the other substances. In contrast to the increased

pressure pulmonaI}Nedema; the edema induced by histamine, /
Pseudomépas, and endotoxin all resulted in an increased -

permeability to the proteins of molecular radius 35.5 to

96 ,angstroms, and the greatest being with endotoxin (22 ).

These findings are aldl consistent with a 3-compartment

t

model. -

Fifteen patients with cardiac (high pressuré) and- 15
patients with septic edema (high permeability) were
examined using radio-isotope technigque (76 ).  The

transvascular washout in the lung was shown using 2

radio-labeled solutes - albumin with a molecular weight
‘of 69,000 and DTPA gifh a melecular,weight of 500.
Patients were studied over a 4 hour period by scintillation
counter; and additionally, pulmonarf capillary wedge
pressure and colloid osmotic pressure gradiént were
obtained. The findings are that septic type edega causes
a greater movement of both small and large molecular
weight solutes from the blood into the pulmonary edema
fluid than does the cardidc -edema. The information is

" /

significant as good clinical correlation with already

agcepted concepts,
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The depressant effect of pulmonary edema, any type¢, on
lung antibacterial capability was first foted in 1934 '
in a "study we have cited from Bellevue Hospital. 1In a
series of 86 cases of secondary Pneumococcal pneumonia, -
the most common antecedent disease, excluding alcoholism
and respiratory infection, was found to be congestive
heart failure, ‘Laforce in the early 1970's examined
mouse and rat lungs for this effect after inducing
pulmonary edema of both types; using ANTU (alpha-napthyl-

’éonstriction of abdominal

thiourea) in mice and surgical

aorta in rats (104),. .

/
Four hours after aerosolization with radiq-phosphorus’
tagged Staph. éuéeus, the lungs were homogenizedi and
culture§§£y¥; both models resulting in the pulmoﬁary
edema\situation, there was a decrease in the.anti-. »
bacterial aétibity as measured byLretained viable
organisms as well as measured radioactive level.
Significantly, the dysfunction\was relative to the
amountyof intrapulmonary fluid accumulatéd and quantified.
Hypoxia does not appear a factor as exposure to 65%

/

dxygen did not reverse tyéﬁ_impairment. ﬁossible theorigs
are an interference with surface interaction between th;
phagocyte and the microbe, pﬁa the alterationcbf‘pulmonary
surfactant Qith the~pulmonary edem%. In the ensuing 8
years, development and addition of an in vitro bactericidal

test of the pulmonary macrophade, performed after the ANTU

production of edema showed a definite functional defect.
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-Hemorrhagic Shock:

»

The formation of high perméability edema with the gd/called

shock lung has‘etioiogieé'with the underlyingrperfﬁsion

insult, as well as the type and method of resuscitation

that ensues. The syndronfe that often becomes evident in

8

'patients who 'receive greater than 8-10 units of banked

blo‘d might also be called transfusion lung, as we have
earlier mentioned. } ;
]

tors that have been ipcriminated with transfusion
reagg’ s éausiggﬂa picture of shock lung are multipﬁs,

but éhere are cﬁrrently two dominant factors. The first
is related to the infusion of microemboli within the
stored banked blood; and the second to platelet éggregati?n
within the(}ung beds, as well as a leukocyte sensitization
causing a complement activated reaction within thé\ludg !
beds after multiple transfusi;hs. This information is

from work done in rat lungs after bleeding 25% total body.

weight and then replacing shed blood 'in equivalent amounts

(11,147 )« - )

The concept of hemorrhage induced lymphatic failure is
examined by another group as the most importanﬁletiology
\ )
\ .
for pulmonary edema. Using\the lymph fistg;a technique
L4 ! o \ !
in sheep, Malik demonstrated that the net transvascular
protein flux actually decreased during the period of
hemorrhagic shock, but that pulmonary edema developed

(110). Therefore, he concludes that the edema was not .

due to an increase in the lung vascular endothelial

L]
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permeability, but more likely due to hemorrhage-induced

lymphatic "failure",

The endothelial cell represents approximately 30% of the
- ' .
(4]

totai extravascular tissue ﬁass within the lung and may
represent an important site fo accumukation rather than
the interstitial space. Unlike the interstitial space,

the endothelial space is not drained by lymphatiC“éffluents.
Finally, swelling, which is noted in the endothelial cells,
may in fact be the basis of a rise in the pulmonary vasgular
resistance preséurenwh;ch we have noted is associated with

J
many situations of respiratory failure.

~

\ 0
~Peep: ¢

Any discussion of the concept of pulmonary edema particularly

. in the clinical sltuqtiqn‘has to0 include a brief discussion

of the effects, if any, of positive émi expiratory pressure
ventilation or PEEP. Three sep;rate studies examined the
effectiveness of up to 10 cm of water on non-cardiac
pulmonary edema in animal models. Hopewell found tﬁat

the measurement of ﬁulmonary extravasculér water as meaéured
by wet—to—d:y lung weights in dogs was not significantly
different with or without the 10 cm of PEEP. He initiated

pulmonary edema using alloxan ( 86).

-Staub effectively found the same result with E Coli induced
/
edema; that positive pressure did not change the trans-

vagcular lung fluid balance. The unchanged filtration rate
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with and without PEEP is explained by the redistribution
of pressures. The rise in pulmonary vascular pressure
from PEEP is blanced\by‘an equal rise in the peri-
microvascular interstitial fluid pressure (163),

In a fin;l paber, Bredenberg and Webb examined dogs in
whom the; studied the high pressure type of pulmonary /
edema created by left atrial balloon, PEEP in this
condition did not effect lung lymph flow, but it did
increase effective lung volume, as welljésépleural
pressure and pulmonary vadcular pressure. Any effect

in raising the Pa0O2 that it may have 1s probably related
to the effective in;rease in the gas exchanging alveoli
(19).

—
~Colloid versus Crystalloid:

}
The controversy of whether to utilize colloid or{érystalloid

in the resuscitation of the shock patient, is hotly debated

in surgical specialties. In Staub prepared sheep: before,

during, and after hemorrhagic shock, the effects of changes

/
in plasma oncotic pressure on the pulmonary transvascular
( P

fluid f{}tration was studied ( 37). Fifty percent of the ’
blood volume was lost over é 3 hour period, in unanaesthetized
sheep. Resuscitation was with either shed blood or Ringer's
lactate sufficient to increase the left atrial pressure and
the cardiac output to a baseline level. '

- A
Lymph flow increased by 115 to 120% in both situations,
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/
utilizing either Ringer's lactate or shed blood. Plasma
oncotic pressure decreased by 50% with Ringer's lactate
infusion and increased with blood to a gradient less than
4 mm than blood., The compensatory mechanism appears to
be a similar decrease in tpe interstitial oncotic pressure
to keep the gradient in a steady state. Therefore, the
effective transvascular flow is uncha;lged. Situations
where the compensatory ability is abgent because of
"lymphatic failure" or "interstitial saturation” is where

pulmonary edema or the so called shock lung picture can

easily develop secondary to transfusions ( 37,38 ).

-~
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EXPERIMENTAL

In basic research, everything is just the
opposite.” What you need at the outget is a
high degree of uncertainty; otherwise, it
isn't likely to be an important problem. You
start with an incomplete roster of facts,
characterized by their ambiguity; often the
problem consists of discovering the connections
between unrelated pieces of information (172),

&
§ ( INTRODUCTION: °
B
i

i The motivation to study lung immunology is based on its

enormous clinical significance, as has been stressed through-

out the review sections. Daily a physician in clinical
o practice . is faced with just the problems we have discussed.
% Not uncomnonfy, one has the realization that much is unknown
about the lung, particularly with rlespect to local i/mmunology.

-~ ' H ] - . [ - .
c The field is as large, as it is interesting, and we therefore

e
\

chose to focus our attention on the s}ingle variable of

gi‘ atelectasis and its effects, if any, on bacterial clearance,
i lymphatics, and all mediated immunity. At the outset, we
enumerated the model characteristics, particularly simplicity
% and reprgducibility for which we would look during our

i review,

-Study Objectives:

The” first question we asked. was éoes atelect_asis in fact
impair bacterial clearance as compared to normal well-
aerated lung tissue in an otherwise similar condition?

If the answer was positive, we then wished to examine -~

several possible etiologies. The first was any resultant

n —
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t

dysfunction of the alveolar macrophage whose imporfance
in cerdinating local lung immunology has been well
supportea by the literature. Tiue second was the concept
of exit patfxways available to the lung, allowing rapid
and unhindered removal of ingested and partially ingested

bacteria. These pathways take the form of lymphatics,

blood, and mucociliary.

The capability of testing the AM (CMI) function was developed
in our laboratory during the study period. This necessitated
a’thorouqh review of the current literature, as well as more
than a little trial and error in developing our techniques.
Recognizing the importance olf the subject, our laboratory

is actively continuing research in this area of lung

immunology.

METHODS AND MATERIALS:

~Model Prgparatién:

Twenty-five conditioned Yorkshire swine of both sexes were
used, weighing approximately 16-25 kg. Animals were fasted
on the night before surgery, and were eliminated .from study
if they had been on anfibiotics/z for any reason, or showed
signs of infection, particularly respiratory. They were
anaesthetized by intravenous injection of sodium pento-
barbital (30 mg/ké); and additional amounts were administered

as needed during the procedure.

An endotracheal tube was placed after an initial broncho-




e pwgente e ben

SR B e

b g s an

S g e

~ e NPT

P T AR RN R S g st RPN S

A

PP e AR T ™ VR T T

C

[P RUUR——

- - e e e s e L8 i R DY M SR W G xS T A e heeet e Rl R

119.

.pulmonary lavage, and the animal ventilated on a Harvard

volume respirator with 21% oxygen and a tidal volgme of

15 ml/kg. At no time was a general anaesthetic administered.
Preparatory surgery required a 2-3 hour period of wventilation.
A numbér\lo PE tube was introduced into the right pulmonary
lymphatic duct using the technique of Vreim and Okuda
mentionedhearlier. Lymphatic tributaries into the ampulla
was l}gated as needed by the small Weck clips. Tubing was
connected to a tuberculin syringe which intermittently
required a 0.1 ml flush of heparinized saline to maintain
patency. The wound was closed to accommodate tubing aﬁd

adaptor for overnight monitoring.
J

All animai; received a total of less than 1,000 ml of
Ringer's lactate intravenously over the 24 hour period.

—

~Baseline Measurements:

Figure I is the worksheet we developed on each animal
experiment, and it contains the samples and measurements
that we obtained. In the first 8 experiments, we obtained
these at baseline or 0 hour, and hourly up to 6 hours.
For the final 17 experiments, we obﬁained 0 hour and 24

hour samples and measurements.
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PIGH Kg SEX DATE
PROCEDURE XRAY ? TIME, BEGAN ENDED
MICROBIOLOGY:
ORGANISM QUANTITY
METHOD GIVEN
_ CULTURES LYMPH OH
OH R L 24H
24H RL LL
RU LU
BLOOD OH
26H
\ TRACHEA OE
248 i
HISTOLOGY: LUNG R: OH 248 (26K y :
' L: OH . uE (248 )
LYMPA OH ,
: {
24
OBSERVATIONS:
MACROPHAGES
OH R: NUMBER " MORPHOLOGY
CHEMOTAXIS PHAGOCYTOSIS
L: NUMBER MORPHOLOGY
CHEMOTAXIS PHAGOCYTOSIS P
241 R: NUMBER MORPHOLOGY ’ /
J CHEMOTAXIS PHAGOCYTOSIS -
BACTERICIDAL . , 7
L: NUMBER MORPEOLOGY -
CHEMOTAXIS PHAGOCYTOSIS
BACTERICIDAL ° \
- J
OBSERVATIONS .
24-26 H
LYMPH - PROCEDURE FLOW RATE 0B-6H
/ .
PROTEIN SERUM PROTEIN ‘
l
- Worksheet used on each 24 hour experiment,

Figure I:
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! ~Bronchopulmonary Lavage:
( Bronchopulmonary lavage was performed using the Jackson
’ straight bronchoscope to lavage and aspirate 25 cc of °

normal saline into the right lower lobe. Specimen was -

retrieved in sputum sample trap and immediately trans-

TR U, e e e

* ~ ferred to a polypropylene tube and placed on ice. 1In

the inital 8 experiments, samples obtained from both

i lungs did not vary significantly, and in the final
’ experiments the assumption was. made that the one specimen ’
from a normal animal represented a bilateral paseline;/ \
[ ? The lavage specimens were routinely examined by light

\ﬁk}istology and dc/c:asi.onally (fl animals) by electron-

'(zhicroscopy. Cell differentials were done on all specimens

e

as part of the preparation for AM function testing which

e e

' ‘( we will discuss in a later section.

e

~Lymph Flow:

The lymph flow over a 3-4 hour period was measured and flow

—

1
expressed as ml/h. Specimens were routinely obtained for

light histology using a hematoxylin and eosin (H and E) stain
and a Geimsa stain to observe cellular content and morphology.
) ) - A specimen was likewise submitted for culture, and for total

protein placed on ice immediately.

SR ot wy g B T N T

a4
FHs

One animal was pretreated for 24 hours with 100 mg indo-

S A

A

methacin suppository B.I.D. as part of our interest in
4

prostaglandin balance and fluid/protein transudation.

; This line of investigation was, of course, preliminary

and may warrant further work.
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jxg -Blood Anafysis:
(’; '/ ‘Aseptically, blood was taken simultaneously as lymph
- /

from the right external jugular.- Samples were routinely

\

submit/ted for total protein after being cooled, and for

cultures as well. - | . o R

-
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-Tissue Analysis: : |

—

A lung tissue sample was obtained by aseptic percutaneous

S —————
LT R
~

needle biopsy of the left lower lobe. The specimen was

submitted for qualitative culture analysis. Bilateral

mini~thoracotomies were performed again in the first 8

experiments, and quantitati/ve culture results of the bilateral

TAT A T i

tissue samples ‘consistantly revealed no growth for the
: /

specific bacteria to be instilled. Therefare, the single

needle biopsy obtained the same information with less trauma '

"

to the thorax. Post-biopsy chest X-ray did not reveal any

significant pneumothoraces. Tissue specimens at 24 hours

were obtained through bilateral thoracotomies before sacrifice
of the animal, and were quantitatively cultured. Samples

were also examined histologically using an H and E stain.-—

§
k
4
3
Eg _

/. !
Af\‘::er baseline procedures are ¢ompleted, the ‘animal is
transferred to a modified Mark IV respirator for aerosolized
infusion of 10 ¢c of, >108 bacterium (see Fig. II). The jet
nebulizer atomizé;s the solui;ion, whj:ch is delivered atﬂ a
pressure setting of 30-35 and under 5 cm of H20 PEEP. The
inoculation requires less than an hour; after which the animal

is removed from the respirator if able or supported temporarily

on the volume respirator. The exhalation water was sterilized

o i ot s g
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Figure II: Model preparation completed, with modified Bird Respirator infusing o \
. . : .
bacteria under 5 clt PEEP. Lyvph fistula is completed,
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o

with the addition of an antiseptic solution to reduce the

nunber of viable exhaled bacteria. 4

'
In 3 final experiments, the AM function was examined with
collapse only without infection.

)

!

=Collapse:
Collapse of the lung was achieved by 2 techniques for the

first 8 experiments, after which one was used exclusively.

J
The first and primary technique involves the.introduction

of 2 Swan-Ganz balloon catheters in tandem endobronchialyy
into the right main bronchus or into the right apical
bronchus if the animal weighed less than 20 kg'(Figure III).
The balloons were inflated with /quick-dry epoxy to
preve?f any deflati&n over the 24 hour period. Catheters

!

were modified to exit the trachea in the neck to avoid

damage by mastication.

-

)

The second technigue to collapse the right lung was by the

introduction of air under 40 mm Hg to create a right pneumo-
thorax (Figure IV)., A #18 gauge needle was placed per-

cutaneously with a pressure bulb to introduce the air.

Collapse was condycted under fluoroscopic control, as well,

and post-chest X~rays were taken to confirm the collapse.

Animals were removed from any ventilatory assistance when
J . ’

awake and returned to an overnight holding cage with a low

dose morphine drip (10 mg in 1 liter) running.

J
l
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Figure III: Schematic of lung collapse using
: endobronchial balloon catheter.
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At 24 hours, the animal was returned to the operating
( theater and a repeat of the baseline measurements and

tissue/fluid samples were taken prior to sacrifice.

N v

-Microbiology:

¢ - Four separate bacteria were utilized in our study, the
; first 3 discarded over the initial 6 experiments. The

¢ - organism utilized in the last 16 experiments was

Streptococcus Pneumoniae (or Pneumococcus) Type III.

L
r

. The other bacteria examined were in order: Pasteurella ) i

o Tamed

for the first 2, eggogenous B Coli in the next 2, and
Staphylococcus Aureus the next 2. Pneumococcus Type I
was used in 1 experiment. All bacteria were prepared

. / ‘ ,

: ( overnight in TSB culture medium to a concentration that

was verified of 10% organisms perj ml.

LR Lo es TN S e S

Y

1

The bacterial quantitation technique utilized for lung J

T

. tissue is as follows:

e T8

4 -Bacterial Quantitation:

/

; - 1- Contaings are” preweighed and hold a known weight '

Bricnies

of TSB cultt}re medium.

|
\ .

E‘ 2~ Lung tissue is added, and, the container is reweighed
& 3- Tlr\i_e tissue is ground using a "Polytron" homogenizer,

after whith S

_ 4- the suspension is diluted according to a viable .
. ' / .
count method as established by Miles and Mizron
/
(see below). ) “ ‘ . J

5= A wviable count is performed and the number of organisms

per gram weight of tissue is calculated.

7
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~-Viable Count:

1

~Alveolar Macrophage Tests:

Tenfold dilutions of 10~1 to 10~° or

(0.5 ml plus 4.5 ml of TSB) are made. '
Three blood agar plates are dried for 1 ho&r

at 379,

The plates are divided into 6 sectioné, and 8
1 drop (1/50 ml) of each dilution is placed

onto each segment (0 to 10‘5), The speécimens

are tested in triplicate,

Specimens are then incubated at 37°C for 18

hours and segments are read with 20 to 200

" counts/segment. The count is averaged from

3 plates.

The lavage specimens are transferred immediately to the

lab in chilled polypropylene tubes, and the AM are collected

in the following procedures. A cell count and differential

5 -

is performed as the initial step in the process.

~Technique for total and differential cell count:

1-

For total cell count use hemocytometer and express
the count as cells per ml.

For differential cell count, 0.1 ml of cell sudpension
was cytocentrifuged at 1,500 RPMs for 5 minutes and
allowed to dry. It was then stained with Diff-quik
(Harleco), a Wright's stain,

One hpgdred cells were counted under oil immersion
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and the percentage of macrophages was made.
The cell suspension was centrifuged, noting
the volume at 1,500 RPMs for 10 minutes and
the pellet was‘resuspended in the medium with
10% fetal calf serum in order to have a final
concentration of 2 x 10° macrophages per cc.

Cell suspensions are kept on ice at all times.

~Chemotaxis:

Chemotactic factors were experimented with throughout the

stﬁdy to

obtain the optimum responses. We utilized mainly, |,
! N\

8 experiments, endotoxin-activated serum, and in 4

experiments the tripeptides - n-formly methionyl alanine

and n-formly methionyl phenylalanine.

-Chemotaxis Aésay:

l_

-;2-

3-

All assays are .run in triplicate using RPMI

medium 1640 and 20 millimolars of Hepes Buffer

as diluent {(lower chamber\of the Blindwell chamber).

The lower chambers were prepared using 200 ml with

a) control chambers with medium alone and

b) to the lower chambers, each d%%ution of‘the
chemotactic factor in the medium was added.

A membrane or' filter with pore size 5 microns made -

by Néhropxobe'Corp. (Bethseda, Md.) is then appliéd

to the chamber and the chamber is incubated at 39°C

with C02.
200 microlitefs of 2 x 106 macrophages per ml

%
suspension is pipetted into the Dulbecco's medium
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and 10% fetal calf serum, thus providing 500,000
macrophages in the upper chamber.
5- This solution is then incubated at 379% with Cd2
for 4 hours. After incubation, the membranes
are removed carefully and placed upside down on a
slide, to dry and stain them with Diff-quik. Under
, immersion oil, tﬁe macrophages per 20 fields were

counted. ’ ,

-Phagocytosis:

As in the chemotaxis technique, we made modifications during
the study. In éarticularﬂfwe'utilizéd‘a tube system made
of polypropylene (Falcan 12 x 75 mm cap), in place of the
well system; that will be discussed in a later section.

In the initial 3 experiments, we utilized the latex bead

technique, but quickly discarded it in favor of the less

subjective, more accurate radio-isotope method.

~Phagocytosis Assay:

1- 500,000 macrophages in 1 ml Dulbecco's medium and
10% fetal calf serum are added to 16 mm culture
wells (Tissue Culture Cluster 24, Costar) and
incubated 2 to 3 hours ;t 37°% with 5% C02 in
moist air.

2- The macrophage mono-layer is washed with 1 ﬁl medium
and 10% fetal calf serum 2 to 3 times to remove non-
adherent cells. |

3- 0.5 ml of chromium 51-EAIgG in medium of 10% fetal

calf serum is then added and the mixture incubated

L3

=
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1 hour at 37°C with 5% C02 in moist air, then
(~ ’ washed 3 to 4 times with VBS-gel buffer, The

pellet is resuspended in 25 ml of medium anﬁ 108

Wrse A e L W EE BT B
H
t

fetal calf serum is added. .

o

4~ The specimen is washed with VBS-gel buffer (isotonic

o

x

veronal buffered saline with 0.1% gelatin, 0.001

molar Mg and 0.0001 molar Ca ), to which is
added 0.5 ml of lysing buffer for 60 seconds until

all non-phagocytized erythrocytes Ea are lysed. .

T T e e s g e A —————
ey
k3

The macrophage mono-~layer is washed twice with -

1 ml of VBS-gel.

FHA e e e R YR G g

-5~ Finally, 0.6 ml of sodium dodecyl sulphate 0.5%
is added and a' 0.5 ml sample is counted iF the
gamma-counter, the total count being 0.5 ml of

’

51-Cr-EAIgG and a percentage of phagocytosis.

§

& ;

3

£

A -
B

4

%

The chromium tagged mixture' is made by mixing 1 ml erythrocyte
of concentration 1 x 102 cells per ml with 0.5 ml of rabbit '

anti-Forsmann antisera and 0.1 ml of 51-Cr.

-Intracellular Bactericidal Assay:

For 5 of these tests, we used the in vivo'cultnré medium
containing Pneumococcus Type III as a ghagocytizablé bacteria.
In 3 other experiments, we utilized in vitro' exposure to

both E Coli and Staphylcoccus Aureus. Both techniques

achieved satisfactory results.

=Technique:
1- Pollowing a suitable culture period, the mono-layer

\
N
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is rinsed and transferred to a medium containing

i

—~

L}
1

-
a bacterial specific antibody inactivating the /
extracellular organism, but not penetrating the

phagocyte membranes.

FIeE T AL o o, g

2~ The mono-layer is then washed several times with

<

normal saline to remove all non-adherent cells.
Culture was then made of this cleansed mono-layer.

The mono-~layer was exposed to hypotonic sterile

et SPEPMRBS I i
e w
§ t

- water with the freeze-thaw technique using dry
ice for 45 seconds, to lyse the macrophages to
£ release the intracellular organisms.
5-‘ This ﬁas then cultured and the comparison between
the initial and the second cultures revealed the .
percentaééfbf viable organisms remaining, or in

other words, the bactericidal capability of that

macrophage system.

~Electron Microscopy:

The centrifuged pellet from the lavage aspirate is fixed in

glutaraldehyde for 2 hours and rinsed in phosphate buffer.
©

Specimen is then placed in osmium tetroxide for 1 hour with

ér&ded acetone 25%, 75%, 95% and absolﬁte. Following this,

it is embedded with 50-50 acetone and epon embedding media,

{
and the thin sections are then stained with uranyl acetate

and lead citrate for 10 minutes each,
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RESULTS

i .

i If an experiment turns out precisely as predicted, this

g can be very nice, but it is only a great event if at

: the same time it is a surprise. You can measure the

£ 6 quality of the work by the intensity of astonishment.
This surprise can be because it did turn out as predicted

. . {in some lines of research, 1 percent is accepted as a

. * high yield), or it can be confounded because the

5 prediction was wrong and samething totally expected

turned up, changing the look of the problem and requiring

% ) a new kind of protocol. Either way, you win (17

; =Mode1:

Lo Aerosolized bacteria with PEEP evenly distributed the inoculating

é . bacteria throughout all lung fields, particular right and left.

% ‘ - This was established by tissue cultures. .

f' .: Collapse of the Tung was complete using the modified balloon catheter
i technique. Figures V-VIII are representative photomicrographs of

? the changes the collapse {and infection) incurred with comparison

-

to the non-co11ap§ed site. These examples are taken from the same
animal who underwent a 24 hour experiment.

.

Figure V is lung tissue at baseline, obtained through a needle biopsy.

Figure VI is taken from the non-collapsed site at 24 hours. Although
it shows alveoli septal wall thickening’seéondary'to inflammation,

the aréhitecture’1s easily recognizable and a moderate number of

v

alvgo]i are ventilated.
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Figure VI: Contr-f, non-collapsed lung at 24 hours

. after bacterial inoculation. ‘ /
; ! o "
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In contrast %s Figure VII whigh is taken from the lung collapsed
by eﬁdobronchia] obstru;tion at 24 hours. This demonstrates almost
i total collapse, particularly thé close-up of the bronchioles in
Figure VIII are collapsed and commensurate wi%h a very severe
atelectasis. The ce]lu}ér infiltrate in the co]\apsed lung at
24 hours is prominently polymorphonuclear and consistent with an
LV early frank pneumonia. )
The second manner of~co11apse by creating a pneumothorax was
effective at achieving similar results to above. Figure IX /
is an example of the chest X~-ray of an animal with a right pneumo-
thorax, induced as de;cribed earlier. One can appreciate good
co11agse of the lung parenchyma, however, this also demonstrates
' 1{ a ma}ked shift of the cardiac shadow into the left chest under a
tension mechanism. The s%ift is particularly prominent in the
pig with loose mediastinal attachments, and resulted in severe
hemodynamic compromise. In order to cause sufficient parenchymal
cgl]apse, at least 40 mm Hg pressure had‘to bg placed in the
right hemithorax, causing too great a shift. Therefore, this
technique was"abandoneq after experimentation in the early animal

i o

: models.

o, e

e
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Figure VII: Lung tissue at 24 hours after bacteria

)

¢ . J
instilled and lung col]apsed‘by endobronchial

balloon. Inflammatory cell content consisten;

with an early frank pneumonia.
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R TS

J
Figure VIII: Higher photomicrograph of collapsed,

infected lung at 24 hours. Showing
collapse of terminal bronchioles as

well as alveoli, consistent with a

L

)

* , severe atelectasis.
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Figure IX: Chest X-ray of pig a#ter creation of a
right pneumothorax. Note marked shift ' -

Aof cardiac si]hduette into ‘left hemithorax.

“ g

.
SR fRasa i




MICROBIOLOGY:

-Bécterial Clearance:

140.

z

Bacterial c]earance in this case is the simultaneous comparison

between the collapsed and the non- collansed lung tissue of viab]e

remaining bacterial inoculum, in this case Pneumococcus.

The

right Tung collapse is constant throughout the experiment, as is

of ten.

»6 Hour:

* the left lung as control. Bacterial growth is expressed in powers

Results from the 0-6 hour experiments (see Table 1) revealed that

the collapsed lung had greater bacte;ial growth than the control,

and therefore, a relatively decreased clearance function.

Figure X

) - .
expresses the Vésults as a difference (in powers of 10) between

collapsed and the non-collapsed here listed as control and re-

J presentfng the baseline. The 3 and 6 hour results are approaching

significance with the Student's Pafred t-test (2 tail), of 0.05 - .10.

9
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. \ ‘ TABLE 1 BACTERIAL CLEARANCE
RIGHT LUNG (COLLAPSED) _ LEFT LUNG (CONTROL)
_ j J .
1 H. 6.2 x 103 . , .1.2 x 103
1.7 x 106 : 0 .
1 x 104 ' 0 ‘
25x100 o 0 e
1.3x 102 \ 0 |
2M. 1.7 x 104 : 23 x10t
5 x 106 - 2.3 x 106
-/ 3 x104 6 x103
-~ 3.5x 100 3 x0t
1.3 x 10% . 5.2 x 10°
3N, * .3x 10t - - 6.3 x 103
9.5 x 107 .. 3,7 x 103
1.2 x 108 ST zxa?
L " 1.5 x 106 S x 102
3.4 x 102 1.7 x 102
4H, 8 .x 10 o T 2.2 x 103
' 6.3 x 10° , o 1.7 x 107
-8 x5 3 x10?
! 1.5 x 104 4 x 105
1.2 x 102 . : " 7.9 x 10!
" B H. 5.1 x-102 | : 7.6x%x10% -«
. 4 x103 \ : 3zxgﬁ
5 x 106 | 1 x 108
\ 1.2 x 102 | 1.9 x 102 |
/ °
\ 6H * 2.7 x103 | 8.1 x 102
T 3.2 x 107 ’ 1.2 x 108
6 x1 SR 2 x 108 /
2 x 108 , ) 2 x 104
1,7 % 102 8 2 x 10

* P_0.05~ 0.10
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Figure X:
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COLLAPSED LUNG BACTERIAL GROWTH

vs NON-COLLAPSED ’ ;
N=5

P:0.05-0.10

P: 0.05-0.10
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Lung tissue bacterial clearance collapsed versus non-collapsed.
Note decreased clearance in collapsed lung.
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-24 Hour:

Bacterial clearance results from the overnight experiments are listed
numerically in Table 2 and graphically jn Figure XI where they are

'.again expressed -as the difference between the collapsed a‘nd non- =
collapsed or control lungs. There is almost uniform depression of
bacterial clearance capacity i/n the collapsed Tung. The results,

however, were not statistically significant by Student's Paired

t-test (2 gail).

.
!

TABLE 2: 24 HOUR BACTERIAL CLEARANCE

RIGHT LUNG (COLLAPSED) , LEFT LUNG (CONTROL)
4.7 x 105 1.2 x 108
3" x 104 ’ 2.2 x 104
1 x 10° 1 x 102
0 ' 0
8.5 x 106 o 1.3 x 104
1 x 10 | 0
6 x 103 1.5 x 10t
0 0
2 x 10’ 2 x 108
6 x 104 ‘ K 3 x 108
1.1 x 108 ' 0 ’

SR e it At et e
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COLLAPSED LUNG BACTERIAL GROWTH
vs NON-COLLAPSED

103
ORGANISMS
per gram 102 |
tissue ,
101} | ' Q
CONTROL |—HHHHHHHH ‘\
1 01 -

Figure XI:

‘0 hours 24 hours

Lung tissue bacterial clearance at 24 hours
comparing collapsed to the non-collapsed or
control. Decreased clearance capability is

evident in the collapsed lung.
\
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~Exit Pathway:

cultures, on the other hand, both times grew out Pneumococcus Type III.

The cultures taken of blood and 1ymph revealed that each was positive
for the inoculating organism on 2 occasions. However, interestingly,
they were not frombﬁimultaneous experiments. Blood was positi&e for

Pasteurella once and Pneumococcus III on another occasion. The lymph

Figure XIV is one of these lymph samples taken at 24 hours that had a
positive Pneumococcal culture. A total of 9 lymphatic and 9 blood

cultures were taken in the course of 9 separate experiments.

PULMONARY LYMPHATICS:

-Microbiology:

Culture results see Microbiology.

-Lymph Flow:
Flow as measured in the right lymphatic duct at baseline time pefﬁod

over 3 hours and at 24 hours over 3 hours are tabulated in Figure XII.

Flow rates uniformly increased over the 24 hours from 1e;s than 2 ml/hour
to as much as 25 ml/hour with infection and co]?épse. A1l infected

lungs were inocu1ated‘w1iﬁ';neumococcus Type III bacteria. Two

experiments with collapse alone, without infection, (solid line)

are tabulated and show generally less increase in flow rate as combared

to the tombination of infection/collapse. Finally, the anjygldpré-

treated with indomethacin is included (alternating sy;;;;s), and

it increased as much as the combination experiments. A1l increases

were statistically significant with P value less than 0.01.

’ ik
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Figure XII: Lymph flow rate from nght Tymohatic” duct

\ cannulation measured at N and 24 hours.
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-Lymoh: Plasma Protein Ratio:

Figure XIII contains the resu'its of the lymph: plasma protein
measured at baseline and at 24 hours. It shows thaf the ratio
consistently increased when the lung was infected, all with
Pneumococcus Type I’II, and collapsed. P value was less than

0.01.

In marked contrast is the lymph: plasma protein decrease with

either 24 hour pretreated with indomethacin or collapse alone

without infection. n

-Histology:
Figure XIV is the Geimsa stain of lymph taken from an infected,

collapsed experiment at 24 hours. This lymphatic specimen likewise
was cultured positive for the Pneumococcus Type III used as inoculum.

The specimen is representa}tive of the 24 hour 1lymph effluent in the .

, other experiments and is remarkable for its mixed cellular content.

There are a prominent ndmber of RBC, here many are crenated due to
artifact, in contrast to the usual large numbers of 1 ymphocyte§ in
normal efferent Tymph. A number of AMs are prominent in the specimen
(arrows), as are probable plasma cells or early AMs (open arrow).

J
ALVEOLAR MACROPHAGE FUNCTION:

-Morphology - Light Histology:
Figures XV-XVIII are photomicrographs oathe bronchopulmonary lavage

fluid taken from the same animal at baseline and at 24 hours from the
collapsed and non-collapsed "Iung./ Figure XV is a Wright's stain of the

0 hour specimen and contains normal appearing AM (ooen arrows), as well

as a clump of plasma cells and lymphocytes (closed arrow).
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LYMPH:PLASMA PROTEIN
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Figure XIII:  The lymph to plasma total protein ratio

measured at 0 and 24 houyvs.
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Figure XIV: Specimen 24 hour lymph from collapsed, infected

) ,
lung. Note prominent background of RBCs, and as ..

, \weH AMs (closed arrows) and plasma or early

A

AMs (open arrow). !
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)
I

Baseline bronchopd]mongry l-ava'ge“speci;nén.

Open arrows are AMs and the closed is a group -

v

of plasma cell$ and lymphocytes.
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Figure XVI is a photomicrograph of the lavage specimen taken from
the control infected (non:Eollapsed) 1un§ at 24 hours. The bacterial
inoculum was Pneumococcus T}pé IIT. Theré is a distinct lack of
B-cell response in this specimen as denoted by the relative absence

of polymorphonuclear cells in comparison to Figure XVII from the

-collapsed lung. The control AMs appear to be normal in cytchistologic

{

morphology.

Figure XVI: Bronchopulmonary lavage from infected
. - control, non-collapsed luﬁg at 24 hours.
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Figure XVII is a photomicrograph of ‘the bronchopu]ﬁon;ry lavage at
24 hours from the collapsed infecéed lung, from the sﬁme animal as
in preceding.
infiltration of polymorphonuclear cells. The AMs include numerous ! o
cytoplasmic vacuolations, but by lfght histology do not appear to

be abnormal and to vary from the control. figure XVIIT is a clump

of a group of AM from thi¥s specimen and evident is the normal cyto- i
histologjc arcﬁjtgcture we have described earlier (see Macrophages).

Vacuolization in the cytop]ash is very marked in this photowicro- !

graph.

N Figure XVII:
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Specifically, the specimen contains a prominent

2. ?

R A e 2 1

oo i

Bronchopulmonary lavage specimen from _
collapsed lung at 24 hours. Note prominent

Btge11 as well as T-cell responses to infection

and collapse. - )
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- .l ~~ Figure vaII:, Higher rpower' photomicrograph of the ~24~ '\.

. \ L , hour collapsed. infected lavage. Note ' . :

‘ ‘ \ . , . the numérous cytoplasmic’ vacuolizations A

* , . Sty '(a;row)\ evident at this power. ' ‘: . |
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-Yltrastructure - Electronmicroscopy:

! I The following series qf electronmicrographs, figures XIX-XXII, are
taken of the lavage samples from one animal at O hour non-infected,

and 24 hour infected cgﬂapsed and non-collapsed. The specific

{
§ areas and u1trastruct5re changes, particularly in the AM, are
g meant to be representative of the other experiments. EM was not
% routinely done, and in fact, was only performed in 2 experiments.
I °
| i" Figure XIX represents a baseline control at a power low enough to
g‘f appreciate the interaction of the AM (open arrow) with the neutro-
% i phil (closed arrows). As we discussed in the review section on the
g " AM, the clumping action by the granulocytes about the AM is at
_least in pari mediated by chemotactic factors; and represents 'normal

behaviour and function.

Baseline AMbultrastruc\ture is examined at higher power in figure XX.
Evident at this power are the elaborate and-well developed organelle
éyste;ns in the cyfop1asm, particularly the mitochondria and free

riﬁosomes. Absent is the cytoplasmic inclusion bodies as w:an as a
nromingnt pseudopodia formation. An old phagosome is present in the

upper portion of the AM.
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" Figure XIX: Photoe1ectr6nmi’crogvébm the baseline lavage \
- \ cellular contents, including the AM (open arrow)
. " at the center, surrounded by granulocytes (dark
. , ' i
’ L arrows). This represents: normal ‘activity
| (Mag. x 4,000). |
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Figure XX: The AM at baseline contains well formed
organelles in the cytbp?asm. in particular
' the mitochondria (arrow) and the free
ribosomes "dusting" throughout. Large
arrow indicates an older phagosome.

(Mag. x 11,600).
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R .
‘ Flgure XXI: AM ultrastructure from 24 hour infected l
5 ‘ control (non-collapsed) lung. Note large
nucleus ‘and well formed organelle systems. '
; ' - ! Pseudopodia is marked with an arrow.
. (Mag. x 11,600). -
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Figure XXI is an AM at 24 hours after infection from the non-

%
¥
¥

collapsed or control lung. A prominent nucleolus is present

as well as a well maintained organelle support system in the

TR gt s - o g

cytoplasm. Free ribosomes are noted throughout, as well as

pseudopodia formation.

In contrast to the above, thé AM from the infected collapsed lung

at 24 hours contains a large amount of cytob]asmic or lysosomal

1n91us10n bodies (arrow). 1In fact, endocytosis is in progress in

the area to the rfght of the arrow. Although the cell still contains
" some mitochondria, their size and numbers are 1im1ted, and the cyto-
plasm js Targely replaced by lysosomal enzyme inclusion, particularly

in the area of endocytosis - pinocytosis.
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AM u]tragtrueture frém infected collapsed lung

at 24 hours, has large amounts of lysosomal inclusions.
Pseudopodia are also orominent; while the support
organelles, i.e., the mitochoﬁdm‘a. Golgj: apparatus,
are much less numerous and well preserved than in

controls. (Mag. x 11,600).‘
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AM CELL COUNT AND DIFFERENTIAL:

; (: -AM Numbers:

;’ Table 3 contains the total AM cell count per ml of lavage fluid

E}; -

f at 6 hours, calculated by the technique previously mentioned. The

?' . results show that there is a drop in AM numbers in the collapsed

3 infected relative to the control lung at this time. These f{ndings

g are included in figure XXIII as well.
K

TABLE 3: AM CELL COUNT AT O AND 6 HOURS
/ {
The infected collapsed versus the control

. (per m1 lavage fluid)

% 0 Hour 6 Hours

H Right (Collapsed) Left (Non-collapsed)
5! € 6.2 x 10° ‘ 3.9 x 10° 2.1 x 10§

8 x10° 3.5°x 10° 1.0 x 10

5 x 108 1.4 x 108 5.1 x 108

= N

6.2 x 105 * 3.9 x 105 . 6.8 x 10°

' (p 0.05 - 0.10)
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The AM numbers for the 24 hour c¢ollapsed infected specimens are
tabulated in table 4 and graphically illustrate in figure XXIII

which is a composite of the 6 and 24 hour results.

TABLE 4: * Number AMs - Infected collapsed versus non-collapsed

Tung at 24 hours.

, K

(per m1)

Right (Collapsed) ' Left (Non-col]ag;edl J
3.5 x 106 1.0 x 108 /
8 x 100 L 4 x 108 [
1.8 x 10/ 4.7 x 108 |
3.1 x 107 2.5 x 107
1.1 x 10 1.0 x 107
1.8 x 107 2.9 x 10/
9.6 x 10° 1.8 x 108
2.3 x 10/ 1.3 x 107 -
1.7 x 10° 5.7 x 10 :

(P 0.05 - 0.10)
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ALVEOLAR MACROPHAGES COLLAPSED LUNG
vs NON-COLLAPSED

' . 288
| . | 270
% P—O..05-0.10- N : 40
t ; ' \ §
3( , L 1(25) NN K
SN NN
Y N NN
Y N N N
Y NN N
NN NN
Y X NN N
CONTROL |r—trmrmprertrror S § § §
;Z':' ‘§
: N
. R \
- | L N
2 ks B S%
wiel bt N
- 73 5. 65
81
6 hours 24 hours -

Figure XXIII: Alveolar macrophages numbers per ml iavage in
' infected collapsed versus non-collapsed at 6
.and 24 hours. MHote relative decrease at 6 hours
and subsequent increase at 24 hours.
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The AM numbers for the grouo .of non-infected collapsed experiments
*are contained in Table 5. Of some interest is the fact that there

geems to Be no trend towards an increased number in the col]apged,

in fact, 2 of the 3 are lower.

’

TABLE 5:  AM NUMBERS FROM NON-INFECTED COLLAPSE VERSUS NON-COLLAPSED

' (per m1) \

_Right (collapsed only) . _Left {non-collapsed).
8.1 x 106 1.8 x 10
2.3 x 10/ 1.3 x 107
7.2 x 106 1.6 x 107

-Cell Differential Lavage Fluid:

Infectgd-Co11apsed:

The percentage of AMs in the lavage specimen is calculated as noted
in methods; and is assessed for the infected collapsed experiments
(again Pneumocﬁccus was uééd as inoculum). The results are tabulated
in figure XXIV, where it demonstrates that over 24 hours, the AM %
decreases in 5 of 7 from béseline, regardless -of manipulation. Also
evident is the fact that in 5 of 7, the AM % in the collapsed lung

is less than that in the control, approaching significance at P

.0.05 - 0.170.
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% MACROPHAGES
INFECTED: COLLAPSED vs NON-COLLAPSED

£

|
~ @ Collapsed N=7
Non-collapsed »
4 Non-collap P- 0.05-0.10

n — b b
0 24 0 24 024 024 0 24 0 24 0 24
hours

Figure XXIV: The percentage alveolar.macroohages:
Infected-collapsed versus non-collaosed

over 24 hours.
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% MACROPHAGES
NON-INFECTED:
COLLAPSED vs NON-COLLAPSED

e Collapsed

75 - ANon-col!apsed

» 0 24 024

hours

Figure XXV: % alveolar macrophages non-infeéted co'l'l‘apsed

versus control.

-Non-1i nfec‘ted-Col lapsed:

/Figure XXV contains the results from AM cell differential in lavage

specimens in non-infected collapsed only experiments. This shows
the same general trend with a decreased % of AMs in the collapsed
alone compared to the control in 2 of 3. The results are included
to list all results, but the small numbers in this series obviously

cannot support any specific conc}usions‘.

.,




| CHEMOTAXIS: 24 hours %

¢ , ’
COLLAPSED vs NON-COLLAPSED

%

+ . . \

CONTROL e —

100 100

\

Figure XXVI:  Chemotaxis results from AMs in infected collapsed
Tung versus the control at 24 hours, expressed as

% drifference.

ALVEOLAR MACROPHAGE FUNCTION:

-Chemotaxis:

AM chemotaxis results for the infected collapsed lung as compared -
by percentage to the control Tung are demonstrated in figure XXVI.
They indicate a depressed chemotaxis in the(co]]égﬁed AMs. The
chemotactic factor used was endotoxin-activated serum. The rgsults

are not statistically significant.
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" PHAGOCYTOSIS: 24 hours

.

S o 264

20
CONTROL ﬁ

COLLAPSED vs NON-‘COLLAPSED |

P:0.05-0.10 §

-

, versus non-collapsed infected {control) at

as % difference.

PHAGOCYTOSIS:
-Infected-Collapsed:

/

phagocytosis from the infected collapsed lung is compared

percentage to the control lung. Results approach statisti

%ignificance with P 0.05 - 0.10.

Figure XXVI1I: Phagocytosis for ‘AMs from infected collapsed Tung

24 hours

*

Phagocytosis results are tabuléted in figure XXVII where the AM

as a

cal
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o © - PHAGOCYTOSIS - NON-INFECTED
i | ' COLLAPSED vs NON-COLLAPSED .
, TuBES .
4% .
7 % R
+ \ _
CONTROL g
E‘ - .
A - 1% .
3 D 3%

Figure XXVIII: Phagocytosis for AMs from non-infected collapsed

lung versus non-collavsed at 24 hours.

<-Non-infected collapsed:

Figure XXVIII shows that the AM phagocytosis did not seem effected, )
either positively or negatively, by collause without infection.

Indeed, the results betweén the 2 groups essentially did not vary.




-Well-Tube Controversy:

The results of utilizing both the usual 16 mm polystyrene culture
well and a 12 x 75 mm polypropylene tube for simultaneous testing

' of AM phagocytosis is seen in figure XXIX. The polypropylene is

a substance to which macrophages cannot adhere. The testing procedure
which is essentially the same was performed on a single broncho-
pulmonary lavage specimen in 10 séparate experiments. Clearly,

the use of the tube yielded significantly greater phagocytosis

-activity than the wells. P < 0.001.

-Bactericidal Assay:

Bactericidal assay was performed on 24 hour infected collapsed AM
specimens and compared to the non-collapsed AMs. Figure XXX is the
results tabulated as percentage difference. They demonstrate that

the AM: from the collapsed infected side "have, in fact, more bacteﬁcidﬂ
or intracellular killing af:tivity tha.n do those fr/om the control slide.

Results are statistically significant at P< 0.05.
) !
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Phagocytosis performed with the same technique exchanging the routine

polystyrene well, with a polypropylene tube.
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$oecimens were from the 24 hour

infected collabsed lungs.
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C ¢ BACTERICIDAL ASSAY: 24 hours
COLLAPSED vs NON-COLLAPSED
INFECTED
100
! 80 L
60 |
40 | ’
20
% 0 e -
_20 -
—40 ..
b -60 _
C 80 Collapsed
-100F Non-collapsed
-120+ P<0.05
-140%-

Figure XXX: Bactericidal (intracellular ki11ing) capacity of AMs

4
A
E\*
}

5

Ef
A

from infécted collansed lung versus control at 24 hours.
The capacity is significantly increased in the collapsed

lung specimens relative to the latter.
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DISCUSSION
-Model Design:

AN
Our results show that the distribution of aer‘os_iﬁized bacteria is

" even throughout all lobes. Trinkle, who first used this method,

obtained the same even distribution results (146),

The techniques of performing a percutaneous lung biopsy and of
cannulating the right'lymphatic duct through the neck were used
to cause the least disruption of respiratory mechanics. As- we
discussed, the act of ventilation itself effects the lymph flow

and a splinted chest wall motion secondary to a thoracotomy would

-~
i

cause significant interference.

An original objective to investigate the 1mi:ortance of the mv:.:co::ﬂiary
clearance had to be abandoned. By comparing bacterial clearance
rates in the endobronchial collapse to the pneumothorax collapse,

we had hoped to answer this question. Ht;wever. the severe hemo-
dynamic compromise which ensued from an adequate pneumothorax made

the technique prohibitive. We certain]y recognize the drawbacks in
not examining this important clearance pathway. Although such a
deficiéncy rem&ins cl‘inic'any relevant, as patients intubated for
surgery or supported for res.piratory failure, have lost their muco-

ciliary clearance capability.

MICROBIOLOGY: )
-Badterial Clearance: '
From our data it would appear that the collapsed lung, under the -

conditions of our experiment, has*g'&écnased bacterial clearance

}
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©

capacity. This impairment was evident from the first hour to the -
24th and would imply that the dysfunction was immeﬂiate]y and

“permenantly” induced.

Since this technique of measuring bacterhia] clearance has been in

use, a large effort has been made to discover the most important
mechanisms. Stoss] (167) feels that the net rate of bacterial clearance
from the lung is dependant on: rate of phagocytosis, bacterial killing,
physical removal, and lastly bacterial mu.lt):ip'lication. He as dpes

Kavet (102) believes that the two most important factors are the first
2, and that clearance per se is very secondary.

We have found on the contrary that the bacterial clearance has decreased
in the collapsed lung, in spite of the fact that phaqocytbsis and
bactericidal killing were increased. Therefore, we looked at the concept

of "exit pat;hways“, available to the lung.

Also, our finciings of decreased bacterial clearance are at variance
with Trinkle and his group (146) who found that contusion alone, caused
by external chest trauma, did not cause a depressed bacterial c]eara‘nce.
Using essentially the same infusion technique, they induced contusfion
‘by firing a 22.-ca1 blank against a quarterplaced .on the chest wall.
Although there is & clear similarity to our study, two important
distinctions must be made.. First, in our study, bacteria were instilled
as a single strain, to obviate any effects of competitive inhibition

or facilitation. And secor;d,. our collapse of the lung parenchyma was
considerably more éxéensive and prolonged. Thus possibly accognting
“for the decreased clearance effects with collapse alpm. tn our work. g
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_ ' demonstrating the proximity of the alveolus on the left to the pulmonary

- pulmonary blood-absorbs ]1 times the albumin than does pulmonary 1ymph

" doubtful that the external Jugular blood was contaminated by efferent

174.

BLOOD:

From our review work, intravascular exposufe to bacteria, either
systemically or at the lung 1eye1, probably provides a very important
pathway to and from the lung RE system. On the other hand, bacteria
administered into the alveoli in sufficient quantities may also ..
utilize this pathway. The consequences of introducing bacteria into
the blood stream at the relatively slow rate that must occur, because
of the rapid blood flow, might 1ndefed be very beneficial as a
“dilution" effect.
It is well known that intact proteins, albumin in particular, can

be absorbed intact across the air‘tissue interface (Bensch, Staub, Vaughan,

Lymphology). Indeed, Vaughan showed as we saw in our review that
from the alveoli. Figure XXXI is a possible explanation for this,
capillary endothelium as shown in this EM. -

Our results were 2/9 blood cultures positive and therefore, no defi'nite
conclusion can be drawn. The site of sampling may be importaht to
detect the lgw levels of bacterium as I pofnted out above. A more
appropriate site for sampling the blood as a pulmonary clearance
mechani'sm would be the left hegrt. We elected ‘not‘ to pursue this,

although future work in this area might  very fruitful. It is’

)3*
lymphatics, as the lymph specimens were not simultaneously posjtihi}e.
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Electronmicrograph of the alveolo-capillary junction; -
EP is a type I pneumocyte, and is separated from the
pulmonary capillary endothelium by the basement
membrane (BM). (From Stoss1167 ). | " :
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LYWPH: . —
Van Ord Alblas {13 ) theorized that 2 major exit pathways exist

in the lung - airways and mucociliary, and lymphatics. ;The latter

is processed by bronchus associated lymphoiil tissue (BALT) as seen

in figure XXXII and taken from one of the animals. From here? the
bacteria within AMs may be removed into airways at a higher Yevel,

or by efferent lymphatics.' As we have seen the lymph in the infected
collapsed situation.contained AMs, the possibility éxists that
.bacteria so removed was viable or "escaped” to be recoverable by
cuiture. , We would have-to conclude as in the case of the blood,

that both may serve as significant exit pathway§,~a1though certainly
in the case of the lymphatics, our data would not strongly support.
this.

MUCOCILIARY:

On balance, by a process of deduction, we feel that the mucoci'Harj‘
clearance is ‘very important fé»r b“act@ria] clearance. Indeed, it m{ght
be the main reason for the depressed bacterial clearance. The same

conclusich may, therefore, be valid particularly for atelectasis .,

where terminal a1rways,' as well as alveoli collapse.
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_Figure X{XII: - Bronchus associated lymphoid tissue or BALT,

Tissue was removed from a pig at the comp‘letior:

g of a 24 hour experiment. ‘
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PULMONARY LYMPHATICS:

-Infected-Collapsed:

The significant increases|in lymphatic flow rate as well -as the 1ymth
to plasma protein ratio i résponse to the infection collapse,
characterize the transudation as high permeability edema. As we

have seen, Brigham and Stayb obtained the same results with intravenous
E Coli. In Brigham's stud s the lymph flow increased in this manner

5 times the baseline value :‘%(21 ). By aerosolized introduction,

we obtained even greater ing&nease’; of up to 10 times_i the baseline

[ . 1

values. \

It would abpear that penﬁeabiéﬁ ty response may reflect the opsonization
needs of the bacteria - parti %u]aﬂy thos:é encapsulated, as in this
case. In our work, we found that the inoculation of Strep Pneumoniae
and E Coli both caused a rapid| inf]lux of polymorphonuclear cells as
well as a setimuiatibn of the macrophage.: This increase which we noted,
particularly in the lungs wh:ic were collapsed over the pon-;oll.apsed
side, may again represent the jnflux of opsonins mainiy in the form of
cofmpTemenf.- Why there ds an increase in opsonic requirement on the
cc7]11°apsed side is unexplained. Goldstein (62 ) theorizes that there

i # a critical phagocyte to bacteria ratio, after which the release of

o : , ,
soluble factors by the AM cause an influx of PMNs and complement factors,

and a resultant increase in permeability. This may be one factpr.

/

)

Hof ( 81,82 ) examined the opsonic requirements of Staph. Aureus and
Strep Pneumonfae and found that alveolar macrophages engulfed greater
tﬁan 90% of the Staph. Aureus which v;as pre-opsonized in 1% albumin
that had been heated to destroy complement. Indeed, he showed that
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\ |
the small amounts of protein normally found in the alveolar space
would be suitable opsonﬁns for alveolar macrophage for Staph.
Aureus. However, in the case of Strep Pneumoniae, he found, as we

did, that the alveolar macrophage was unable to effectively phago-

" cytize the microbe without complement. We will refer to this in

the section on phagocytosis.

There is increased celTular content of the efferent “'lymph, as we have
seen, in the form of RBCs, neutrophils, and AMs, the numbers of which
are not normally. present. T-lymphocytes, onm the other hand, are.

This picture is again consistent with an increased permeability in
the alveolo-capillary membrane with a prominent hemorrhagic component.
As early as 1942, Drinker and Warren (149) described this hemorrhagic

component to the efferent lymph in a similar situation.

ALVEOLAR MACROPHAGES:

-Morphology: .
b . :
By 1ight histology, the collapsed-lung AM specimens showed increased

vacuolizations. This finding corresponded to the EM work that identified
i nc'reases in lysosomal irclusions and an‘increas‘e in the pseudopodia.

In essence, the AM from the infected éo]lapsed lung is histologically
more primed for endocytosis, jn a type of overdrive as it were.

Indeed, at 24 hours, this.AM lacks a great deal of support organeﬂés

in the form of mitochondria and endoplasmic reticulum, as we saw on

the EM. | ' l

- Conspicuous by ,nhmber in the infected collapsed specimen are the poly-
Fal
-morphonuclear cells. Their presence there, in much greater number .
Al | '
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than the contro]hspecimen, are a reflection of the opsonic needs
that we discdssed above. Indeed, many of the works we reyiewed
support this view that the extracellular Pneumococcus, with the
specific capsular polysaccharide, required dpsonization and

phagocytosis by PMNs as well as AMs ( 72,81 ).

-Cé11 Count and Differaential:

The rebound in numbers of AMs from 6 to 24 hours implies a replenish-

“ment source. Many workers, notably Golde and Alblas, have attempted

to put a time as well as source to this. From our review, replacement
from both circulating monocytes as well as local Tung replication is
possible within this time period, althdugh too short for a bone

marrow source.

J

The differential of the lavage specimen from the infected collapsed

Tungs showed a decrease in % relative to the other cells in the fluid.

The total absolute number was greater than the control number. This
is again consistent with the influx of neutrophil&, and immunoglobulins;

such as IgG to act as opsonins - all in response to instilled bacteria,

Of -interest, 1slthe fact that the AM from the non-infected coi]apsed
did not increase in number over the control. One can conclude tﬁa;

the lack of bacterial stimulation is the reason. Also, the differential

% of AMs did not vary consistently as was the case with lavage from

the infected collapsed lung.

I
&

The effeacts of co]]apsa alone and'in particular. pretreatment with
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dzawn would be unwarranted. Of ipterest are Qhe clinical implications
for cohtro]]ing fluid transudation through prostaglandin manipulation.

Certainly, the area warrants further complete investigatign.

Harmsen's study on pig AMs ( 74) revealed that the differentials

for the normals or controls were 54% alveolar macrophage, 24%
lymphocytes and 22% heterophi1§c cells. T-gondiioinfécted was 62%.
33% and 5% respectively and the Freund's Adjuvant stimulated greater '
than 85% alveolar macrophage production. These cell differentia]s
are somewhat higher than our findings, where we found an average in
our controls of 38.91% of macrophages and in our infected collapsed
Tung segment of 33.5% and’%on-co}ﬂapsed 45,98%. ’

\

ALVEOLAR MACROPHAGE FUNCTION:

-Chemotaxis:

The relatfve depressed chemotaxis with the AM from the collapsed as
opposed to }he noh-co11apsed lung is not incompatible with the metabolic
byproducts. See figure XXXII;} The intermediates of a superoxide

anion ; in abundance, is known to be a chemotactic depressant factor.
Unquestiona@ﬂy, the AM from the collapsed side is more active as measured
by histolog&, and by function studies, consequently, its intermediates

may be in relatively greater concentration than the other side.

Also, high levels of the chemotactic factor Cha cause a dgpression

in AM chemotaxis over a period of exposure as we reviewed earlier.
’ .
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Technical problems with testing includes 2 main areas - chemf:tactic

( ‘ factér choice and filter system. Both reflect the problems with

r ’ *
§ or other species macrophage experience.
- i \

utilizing previous datg, much of which is drawn from the peritoneal

- We experimented with tripeptides with which Dauber ( 35) reported
very good results in guinea pig alveolar macrophages. He showed
| that they were more effective than bacterial chemotactic facyor which.
was more effective than lymphocyte derived chemotactic factor which
was more effective than endotoxic activated guinea pig serum. He
(used n-formyl methionyl alanine, n-formyl methionyl phenylalanine:

‘toth showed stimulation for migration of peritoneal macrophages and

T N s s AR

Tveolar macrophage results were variable. However, the peptide
, C n-formyl methionyl phenylalanine showed specific orientation to the
h direction of migration of ma}.rophages in vitro which the author took
i | as indicating as truly chem;tactic. | ~
z% .
: We attemoted to reproduce these findings with the exact same peptides

4 ’ and we used them at all reasonable dilution strengths, however, we

were totally unable to demonstrate superiority of these chémotag:tic

wfacﬂtors 9ver’ endotoxin-activated serum. One explanation, of course,
““ff/ Is species difference. Another one is that these authors did not
make the distinction in their study between chemokinesis ana chemotaxis,
and that this could explain why they poth had variable resbonses and
had orientation that might well have been fortuitous. ”()ther Fxp]anations
are their techniques in collecting the macrophages ¥rom thé peritoneﬁ

and from the lung,and the manner of handling which certainly select out

1
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y ) sub-populations tllat might be distinctly responsive to various :

. | h ) .
- ( .~ factors. -~ - . : ’
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- Present literature on macrophage function and in vitro testi ng, has - \\

TR .

a basis in work on the peritoneal gzcrophage, most pr&bab]y because
it is so readily available, particularly with the mouse. TechnicaT}y,
’ . §

they are certainly more easily retrieved. This presented some

ot g PG TS g s

problems in 'ifnterbreﬁng and formulating the data for setting up

our laboratory during the year to examine the alveolar macrophage.

Dohlman's work (40 ) in which he examined the in vitro migration of y
N both rabbit alveolar and peritoneal macrophages q\iant'itatgd chemotaxis by
agarose well assay. He compared them under the stimulation of -

rabbit serum, trypti/c fragments of the C5 and peptide which we |
utilized ‘and I referred to earlier as formyl methi’onyl phenylalanine
leucine. Throughout, the per"itoneaI macrophage exhibited greater

chemotaxis than the alveolar. As well, chemokinesis was much greater

by facibrs of 2 to 300 than was the ‘\c'/ﬁemotaxis measurement, particularly
in the alveolar macrophage. -

In essence then, the heterogeneity of the monocytes, a concept that

we explored in our review, has to be kept in mind when relating testing

information between different monocyte subgroups.

~ . /

Further technical changes are utilizing an agarose plate system vgrhig:‘tf“‘
we-are currently transferring to.* This eliminates mechanicdl barriers
that the pores may have to the somewhat larger (than peritoneal) AMs.

Combining this gel filtration technique with the use of lung H_ning'

S
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f , material,of the cell free mate(?éJ may improve qur results to
" (m? the significant levels.Schwartz (152) showed very good lung lining

influence on AM chemotaxis.

3 y F \P
5 - -

2 ' A fdtﬁre test which certaiply Tooks simpler and which we may

/ ‘ endeavour to utilize is that c@mparable to our phagocytosis

test, that is using Cr 1abe1ed’radf0assay. Gallin (52 ).

demonstrates this as a time-saving technique with a great variability.

PR e
.

in range and capable of being easily standardized. He°showed

N\
“ et

that the radiation from the chromium did npt influence chemotaxis.

. !
M 9

PHAGOCYTOS1S: ‘ )

q
The unique capacity of the AM to function by both aerobic and

anaerobic pathways (figure XXXIII) are probably the basis for its

L

increased phagocytosis under relatively hypoxic conditions. A§
well, the increased phagocytosis in the AM from the infected
collapsed ﬁight be a reflection of the increased opsoning available
'f;r phagocytosis. This ig again compatible with the observed.

cellular and histologic changes.

A . e

L4

Harmsen's pig AM work showed ihei?‘phagocytosis levels were very

-
oo Sl PO b Sl b R R e e
!
.

comﬁatible with ours. They found in ﬁhg normals that they had a

/ phagoéytosis level of 21%, of their FCA of 20% and of their T-gondii
of 19% and that only sheep red bloodz=ells opsonized with IgG were
capéble of'being endocytized or phagocytized. The addition of

‘ éomp?ement enhanced the nﬁmber of the phagocytized\particles by

O . approximately 50%. Likewise, he demonstrated that. there are FC -

¥

and complement receptors on the alveolar macrophage and that 90%

i “
3 N
3 5 ~
4
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" of the porcine alveolar macrophages have IgG rgcep?ors. This s’

.similar to the guinea pig, the rabbit, and the human. Certainly,

the phagocyte-opsonin interaction could account for the relative

increase.
|

- b

- A\

«* 1

& o ’
One important feature that distinguishes macrophages from other

. [ . =
cells, and which sometimes becomes an impedimept to their study, °

-

is adherence. The macrophage strongly adheres to most surfaces, .
particular]y glass, to form so called monO’layers, this, in

distinctjpn to lymphocytes. This feature he]ps to obtain the cells

from the lavage aspirate, on the one hand, but on the othet;)may

exclude adhered cells from proper inclusion in certain in vitro

\

tests. This is particularly true of phagocytosis, and we examine&
the inherent difficulties and 1nacchracies'w1tﬁ previous testing
protocols in our researgh by.the tube-well interchange. The
increase in phagocytosis % with the tube, we feel, ref]ects the
effects of adherence, and gives a more accurate result, than

ut111zing the well system.

7

T

A "surprise" finding for us was the significantly increased bac;erigﬁda1
capacity in the AM from the infected collapsed versus the control.

This particularly, as the bacterial clearance was depreségd in this

group.

q

)

From the morpholobic, funct1ona1 features of these very stimulated
AMs, 1t would reasonably follow that this functfon because of the
1ncreased hydrogen peroxide formation (figure XXXIII) would be

/

N s
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,? increased. However, this is counter to the literature as we ’

g ( _ have pointedh out, that a defect .in pulmonary intracellular kiH[ing

a s is more important than clearance (Stossl) pathways. This‘{ finding '
% _again.mitigates for:- the importance of fhgée pathways, oarticularly _
j mucoc1liary. The obs'tructi've' compoaent of atelectasis might-,h \ . . 7
f o Fherefore, account for the decreased bacterial clearance more than '
{- an AM effect as they are apparently so metabolically adaptable.

¢

‘ 0 We also noted the technical point that our'rin_v’ivo bacterial challenge

; ) f could Jbe effectjvely used in this test, in place of the usual in &

, vitro test bacteria: . ;igfgus from both ;Jere compatible, and perhaps .

£ " greater experjmentall 'uxt‘:‘ﬁization will be made of /this test in instances

§ . of localized pu‘lmgnar& 1nfect1‘9ns.
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