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THE PULMONARY PHAGOCYTES AND PHAGOCYTOSIS

Wede Wills, M.D,

I INTRODUCTION

Since the early days of tissue study by means of the
microscope, students have noted inononucleated cells in the lungs which
phagocytize particulate matter, both living and non-living, It is al=
8o well known that particulate matter finds its way into phagocytic
cells within the pulwmonary parenchyma, particularly in the psribron-
chial and perivaseuler areas and in the peribronchial and hilar lymph
nodes, However, the origin of the alveolar phagocytes as well us the
ultimate disposition of these cells has been a controversial subject
over the years, In the usual light microscopy tissue sections these
cells are seen "free" in the alveolar spaces and in the tracheobron-
chial tree, as well as "fixed" to the alveolar walls and whether the
free phagocytes are merely those which have fulfilled their function
and are being released to find their way up the tracheobronchial tree
and out of the body or into the lymphatic channels or whether they are
mature active functional form of the cell has also been a subject with
mich division of cepinion,

It has also been noted that, in some cases of instane
taneous traumatic death, presumably healthy individuals at autopsy
show alveolar macrophages containing granules of a pigment with the
morphological appearance and staining properties of hemosiderin.
wWhether this is a normal situation in the human lung, whether it may

be due to post mortem activity of the pulmonary phagocytes, or whether
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the pigment is some artefact rather than hemosiderin, is not known,
In view of the many controversial «nd unknown facets
of the subject of the pulmonary phagocytes and pulmonary phagocytosis,
this study was undertaken in the hope of shedding some light in these
controversial and unknown areas. Specifically, it was planned to in-
vestigate the general phagocytic responses in the lung especislly in
respect to timing in the living wunimal, pulmonary phagocytosis after
death of the animal, as well as the phugeocytosis and disposal of ery-

throcytes in the lung.



PART 1
EXPEAIMANTS WITH NONLIVING PuaRTICULATE MATTER (DUST)

REVIEN OF PREVIOUS OBSERVATIONS aND CCHCLUSIONS REGARDING THE PULe

MONARY PHAGLCITES

(a) On the origin of the ilveolar lfacrophage

The origin of the alveolar macrophage has been and is still
a controversial subject, Some authors have concluded that these
cells arise from the alveclar epitheiium,(l°h) the existence of
which, until recently, has also been a matter of controversy.
Others have concluded that they come from mononuclear cells of the
interstitial tissue and pulmonary septa (5”10). Soms experimen-
ters have found little or no phagocytosis by the "fixed" phagocytes
<ll’12), while others have found these cells are actively phago-
cytic while "fixed" (l’B’h’7’9’13'l7). Mitotic figures are rarely
found in these cells except under special circumstances such as
v.rly tuberculous infection(1g>. Binucleate forms, on the other
hand, are not infrequent and this may indicate amitotic division
(19). More recently it has tksen stated that there is a good pos-
sibility that the alveolar macrophage may be derived from extra-
pulmonary macrophages, particularly those of the spleen and the
liver(zo). This conclusion is based mainly on evidence supplied
by intravenous injection of particulate matter such as carbon.
The author found that this was heavily taken up by the reticule-
endothelial cells of the liver, spleen, and bone marrow but very

sparsely by the lungs initially., However, in & few days increasing
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numbers of macrophages loaded with carbon were noted in the tracheo-
bronchial tree. It was also noted that septal cells in the lung
are relatively few in number under normal conditions but that they
quickly appear in large numbers under adequate stimulation. The
blood histiocyte or monccyte has also been suggested as the source
of the pulmonary phagocyte(21). In summary it has been suggested
that the pulmonary macrophages may be derived from alveolar epi-
thelium, pulmonary tissue histiocytes, blood histiocytes or mono~-
cytes, extrapulmeonary reticulo~-endothelizal cells, pulmonary vag-
cular endothelium, or even 1ymphocytes(19). Although there is
some experimental support for many c¢f these origins, tliere is, as
yet, no proof for any of thems

(b) On the effect of Particle size

There has been considerable investigation concerning the re-
lationship of particle size on the retention of particles in various

parts of the respiratory apparatus(zg’zs).

From these experimental
investigations it would appear that the maximum respiratory reten—
tion of dust increases as the particle size increases but that this
increase is mainly due to the retention of the larger particles by
the tracheobronchial tree and nasal passages. In the alveoli, re-
tention of dust particles is maximal with particle size of about
lu and retention decreases both above and below this size, HNever-
theless, for larger particles, which escape retention in the upper
respiratory tract and de enter the alveoli, retention is complete,

Depth of penetration of the respiratory system before deposition

increases with decreasing particle size, but apparently particles
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less than lu size have a tendency to remain suspended and to re-
treat out of tne respiratory system rather than to bes deposited.
There is a suggestion that alveolar deposition again rises for
particles less than iu diam@ter(zh). These figures on diameter
of particles and retention remain remarkably constant for humsna
and smaller animals, the major difference being that in humans
the maximal retentlion in the upper respiratory passages occurs at
5u and above while smaller animals show maximal upper respiratory
retention at somewhat less than 5us The maximsl alveolar reten-
tion, however, is at about lu in both humans arnd smaller animals(zz).

(¢) On Clearance of Dusts

Once particles are deposited in the alveoli or upper respi=
ratory apparatus, clearance begins, If the particles have not
penetrated beyond the ciliated respiratory epithelium and if the
substance induces little inflammation, it is wafted up the tra=-
cheobronchial tree, principally by ciliary movement, at a rate of
from 0«25 to 1.0 em/min in the bronchi and approximately 3 cms/min
in the trachea(lg). Dusts such as carbon appear to be relatively
innocuous in the lung while others such as siliea may produce
permanent and severe pathological changes in the pulmonary paren=-
chyma. Phagocytosis of carbon begins rather slowly in 14 to 24
hrs after inhalation(B) but after instillation of a liquid sus-
pension phagocytosis begins promptly in 15 to 30 minutes(h’e).

Silica is phagocytized by the alveolar macrophages relatively



6
early and these cells are stated to move fazirly rapidly into the
lymphatics and lymphoid tissues where they cause a proliferation

of mononuclear 06115(19,28).

These macrophages ultimately may
degenerate, possibly due to injury by the dust, and release the
dust into the tissues where it may be taken up anew by other hise
tocytess That this movement of macrophages occurs is denied by
some workers as previcusly stated. Dust pirticles do appear in
peribronchial and hilar lymph nodes in phagocytes resembling
alveolar macrophages but whether these are indeed alveolar macro-
phages which have migrated or whether they are local reticulo=-
endothelial phagocytes of the lymph nede is not known.

(d) ©On Disposal of Phagocytes

Dust cells are the principal meuzns for the wobilization and
removal of foreign material which has penstrated into the alveoli(lg).
It is generally agreed that these pulmonary macrorhnages migrate
into the ductus alveolaris and {find thelr way up the respiratory
trees There are, however,; many theoriles of secondary routes for
the ultimate disposal of these cells. Many authors state that
particle laden phagocytes do pass into lymphatic channels(25~28)o
On the other hand others statz that only free particles can enter
the lymphatics and not loaded macrophages‘2?>L), The late CC
Macklin has stated that, in many thousands of lung sections, he

has never found unequivecal evidence that alveolar phagocytes

enter the interstitial tissue of the lung or the pulmonary lym=-
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phatics. He also described pulmonary sumps, most abundant in the
walls of the respiratory bronchioles, but also found along ar-
terioles,wvenules, interlobular septa and pleura. Varying num-
bers of lymphocytes are found in these sumps and, after exposure
to dust, psarticulate matter is found in them as well. The normal
superficial alveolar covering is a thin layer of fluid which
Macklin bélieved to be an exocrine type of secretion of the gramu-
lar pneumocytes (alveolar epithelial cells). This fluid he be-
lieved to be constantly draining into the pulmonary sumps and the
excess into the bronchial mucous raft to be wafted up the pulmonary
escalators This explains the rich lymphatics present in the lung
and is suggested as the route by which perticulate matter f inds
its way into the pulmonary lymphaties and jossibly into the inter-
stitial tissuea(Be). Evidence has been presented that dust filled
phagocytes form layers on alveolar walls, gradually acquiring a
network of reticulum fibres around them and e ventually, by this
layering process, they sink within the pulmonary parenchyma in-
stead of remaining in an intraalveolar position(Bz).

(e) On "Free" and "Fixed" Alveolar Phagocvtes

The more irritating particles produce an acute inflamratory
response and phagocytosis by polymorphonuclear leucocytes occurs
but with the usual less irritating particles the alveolar macro-
phage is the cell mainly concerned with phagocytosis. In routine
sections prepared for light microscopy, these cells appear "“free®

in the alveolar spaces and in the tracheobronchi.l tree as well
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as "fixed" to the alveolar walls. From recent work with the elec-
tronkmicroscope it has been found that there is a continuous layer
of thin attenuated epithelial cells covering the surface of the
alveoll and that the "fixed" rhagocytes apparently lie on this
eplthelial plate(BB). Although there may be short processes or
pseudopods bztween the phagoecyte and the epithelial cell plate,
there is still a clearly defined space between them and so there
is some question whether these so-called "fixed" phagocytes are
really fixed. However, as the terms "free" and "fixed" are found
in most of the litersturs on pulmonary macrophages prior to the
late 19503, these descriptive terms are retasined here.

HATELIALS ARD METHODS

(a) Animals

Adult male mice, of a strain which sporadically produced pi-
tuitary dwarfs, were used in these experiments. Each weighed
close to 15 gms and was between 3 and 8 months of ages The only
reason for limiting the study to m2le mice was that the female
mice of the colony were being used in another experiment coneerning
chemical induction of cancer of the uterine cervix.

(b) Dusting Chamber

To expose the mice to suspensions of rarticulate matter in
air, a dusting chamber was devised (fig 1) This consisted of a
large glass storage Jjar covered by a foam rubber pad cemented on
a weoden topse A glass tube, appropriately bent, was fitted through
this top to the bottom of the chamber where finely divided custing

material was spreade To accomodate the animsls a wire cage was



built &nd mounted on short legse. The bottow of the cage was
lined by absorbent paper in an attempt to prevent contamination
of the dusting materiel by urine. The dusting muterial was sus-
pended by jets of air produced .ith the aid of a rubber bulb from
a blood pressure cuff attached to the glass tube running to the
bottom of'the chamberes A smull venting tube was placed through
the top of the chamber to avoid pressure incresses from the pic-
cedure.

(¢) Dusting procedure

A preliminary atteupt was made t¢ use carbon in the form of
lamp black as a dusting material, but it was found that this was
so heavily phagocytized all cellular detail was lost, and it was
even difficult to be sure of the number of phagocytes in the field.
It was decided to use Carmine S.S. (B.D.H.) as the dusting material
as it is insoluble in water, alcohol, ami xylol, and shows clearly
in sections stained with hematoxylin only. It was neeessary to
grind the carmine in a mortar and uestle as finely as possible.’
This was then spread on the floor of fhe dusting chamber in ap-
proximately 50 gram lotss The animals were exposed in the chamber
in groups of from 5 to 10 for a single period of 2 hours duratiocns
To keep the dust suspended it was necessary to use the rubber bulb
at about 5 to 10 minute intervals. After the dusting period, the
mice were sacrificed by exposure to chloroform at t imes varying
from immediate sacrifice to sacrifice after 87 days (table #1),

A total of 124 mice were used in the experiment but 10 died
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during the period of the sxpsrlumont and wers removed from the
study leaving 114 mice.

(d) Autopsy Technique

In order %o prevent, if yossiblie, artificial separation of
the alv=olar phagocytes from L he alveolar walls by collzpse of the
lungs after the death of the animal, it was flayed and the thorax
was removed along with the kidneys, spleen, stomach and liver.
This flayed portlon of the mouse was then fixed in 10 formalin
for 43 hours. Following this, the thorax was opened and the con-
tents removed along witii the remaining portion of the traches.

The heart was dissected off and the leading antericr ediges of the
lungs were cut off with scissors te give 2 reasonably flat plune
for scctioninge. The lungs were then dehydrated, embedded in para-
£fin, and sections of a thickness of 5u were prepared and stained
with nematoxylin onlye.

{e) Fhagoeytosis Evaluation Technique

In each animal phagocytes containing carmine were counted
in 8 bronchioles or small bronchi in the left lung, if possible,
Wwhen the rhagocyvtes were very heavily loaded, it was difficult to
distinguish the alveolar macrophages from polymorphonuclear leuco-
oytes and in some cases it was necessary to deperd on size of the
cell as the main criterions. The number of carmine laden "free"
phagocytes in alveoli and the number of carmine laden phagocytes
"fixed" to alveolar walls were counted in 10 high powser fields

(i.e. approximately X 400). The fields were ﬁsually chosen in a
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linear manner from the apex of the left lung, but if a large blood
vessel or a bronchus was encountered that field was omitted. In
addition to the number of phagocytes, the amount of free non-
phagoeyiisied carmine granules in the s&me bronchi and bronchioles
in which phagocytes were counted, ard the amount in the same al-
veolar fields, was estimated by a system of subjective grading of
each from O to 4} a grading of } represented only a few granules
of carmine, and a grading of /4 represented large conglomerate
masses of carmine. The results of these counts and estimtes in
the groups of mice sacrificed at various times after exposure to
the carmine dust are appended (table #2). 'This table was formu-
lated by averaging the varying individual results of the mice
sacrificed at the same time interval after completion of dusting
(appendix A).

(f) The Electron lMicroscope

To confirm and possibly to enlarge upon previously publi-
shed observationa(33) on the pulmonary phagocytes, a small ad=
ditional dust study was done using the Phillips 100B electron
microscope. One normal control mouse was used along with one
dusted with carmine for 15 minutes and two dusted for 2 hours.
Each dusted mouse was sacrificed 3 days after completion of the
dusting and small cubes of lung measuring lmm or less to the slide
were inuedlately fixed in osmic acid in a fume cupboard, Mertha-
erylate embedding was used and sections were cut in the usual

ranner on a Porter-Blum microtome using glass knives. Thick
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sections were cut, mounted on glass slides and stained with hot
toluidine blue. If examination by 1light nicroscope showed car-
mine~containing phagocytes or other interesting reatures in the
bloek, routine ultra-thin sections were prepared, mounted on the
usual copper grids and examined in the electron microscope visu-
ally and photograrhically.

OBSERVATIONS

(2) General

In counting the carmine laden phagocytes, certain difficul-
ties were encourtoered. Generally speaking, the phagoeytes in the
brpnchi and brcnchioles were very heavily laden with carmine gran-
ules which frequ2ntly obscured most of the cellular detaile During
the first 24 hours after dusting there was usually a peribronchial
infiltrate of polymorphonuclear leueocytes and many of these cells
could be found intrabronchially where they zlso were heavily laden
with carmine. When these two types of cell were so heavily laden
that cellular detail was completely obscured, it was necessary to
rely on size alone to distinguish between thems To a lesser de-
gree this also was the case in the alveolar fields. There was also
some difficulty at times in deciding whether a macrophage was "free"
or "fixed" to the wall of an alveolus. It was judged "free" if a
transparent or translucent line could be seen between the phagocyte
and the alveolar wall with the light microscope.

In order to counteract bias on the part of the observer, sec=-
tions were screened indiscriminately insofar as time of sacrifice

of the experimental animal after dusting was concerned. No at-
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tempt to compare or to correlate results was made until after the
counts and estimates of the whole group of 14 mice were Zompleted.
This resulted in a further complication. As the alveolar macro-
phage was at first considered to be of urime concerny, meulro il
polymorphonu;lear leucocytes were merely disrezarded in these
countss After completion of the initial counts and estimates, it
was obvioﬁs that the polymorphs were possibly very important in
clearance for reasons that will be apparent later. All counts of
polymorphs in bronchi and in alveoli were therefore done after the
initial phagocyte counts and granule estimates, and do not represent
the identical fields or bronchi in which the macrophage counts and
the free granule estimtes were done,

The grading system of estimating the load of non~-phagocytized
free carmine granules was developed because it was not possible
to count these granules. The granules in the alveoli were esti-
mated at from 3 to 2u in diameter and measurements with an ocular
micrometer showed that the majority were in the lu diameter size
ranges In the bronehi some larger granules were noteds In both
tracheobronchial tree and alveoli there was a tendency to clump
into large conglomerates of carmine granules when the loading was
heavys This fact and the large number of carmine granules present
made actual eounts impossiblees The grading of O to 4 cannot be
relateu to an actual count in a linear manner as a grading of 3
ropreseats only a few granules while a grading of 4 may represent

500 granules or even moree. In totalling the gradings it can be
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seen that & bronchi with gradings of 4 (i.e. total of 4) might
represent some 24 to 100 grenules while one grading of 4 (sams
numerdcal value) might represent 500 or more granules,

(b) HNon=Phagoeytized Free Gramules

The results of the gradings were averaged for each group of
nice sacrificed at the same time interval after dusting and these
form parb'of Table #2. These are plotted on linear graph paper
(Fig 2 for bronchi-bronchiolar estimates and Fig 3 for alveolar
field estimates). As can be 3een these curves appear to be ex=-
ponential decay type curvese If it is assumed that there is a
linear relation between the grading and the actual number of gran—
ules present,; an incorrect assumption as noted above, then the bi-
ological half-life of the carmine granules in the pulmonary ap-
peratus is about 24 hours (22 hours in the bronechi~bronchioles
and 24 hours in the alveoli)s, It is certain that, if actual free
granule counts had been possible, the curve would have been
steeper and the half-life would have been somewhat shorter. There
is no doubt, therefore, that 3 of the original load of carmine
granules in the bronchi~bronchloles and alsc in the alveoli is
disposed «f within the first 24 hours after dustinge, Disposal
routes of possible impcrtance might be up the tracheobronchial
tree as free granules, into the pulmonary lymphatic system pos-
8lbly by means of the pulmonary sumps, or phagocytosis by maoro-
phages or polymorphonuclear leucocytes, It was not uncoumon,
especially in the first day or two after dusting, teo find free

granules in what appeared to be lymphatic spaces in the peri-
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bronchial and perivascular areas (Fig 10). In addition there were
small numbers of phagocytic cells containing a few carmine granules
in the same areas especially in lymphoid tissue in these areas,
orphologically these phagocytic cells resembled alveolar macro-
phages but in general they were much less heavily loaded with
carmine and whether or not they were alveolar macrophages could not
be determinedp The mediastinel lymph nodes also contained scat-
tered carmine granules at least as early as 2 days after exposure.
Much of the carmine in these nodes; indeed all of it in the early
stages when only a small amount was present, appeared in the form
of two or three gramiles in one small area and these did not ap-
pear to be intracellular, Later, vhen there was more carmine pre-
sent, some of the granules were located in phagocytic cells re=
sembling slveolar macrophages or reticulo-endotheliel cells of
the nodes Of interest also is the fact that, even after 60 days
a2 few free granules could be found on the alveolar wulls, It
could not be determinsd whether these were part of the eoriginal
load which had never been phagoeytized or whether they represented
granules that were phagocytized and subsequently released, pos-
8ibly due to necrosis of the original alveolar macrophage,

(¢) Carmine laden Alveolar Macrophages

The results of the counts of carmine laden alveolar macro-
rhages in the bronchi-bronchioles and those for "free" and "fixed"
macrophages in the alveclar fields were averaged for each time

period after dusting (Appendix "A") and these averages were plot-
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ted on linear graph paper (Figs 4=6 and totals in Fig 7). The
court.s in the bronchi~bronchioles canﬁot be directly compared to
the counts of the alveolar areas because of the difference in
method of eounting but the counts of the "free" and "fixed" alveo-
lar macrophages can be compared directly as they are taken I rom the
same fields.e It can be seen from the graphs, that these carmine
laden macrophzges rise in numbers very sharply after exposure to
the dust, reaching & peak between 3 and & days after Lhe exposurea
Following this peak the numbers decrease, but at a much slower
rate so that a few are:till noted, even after 60 days. It can
also be noted from the graphs that "fixed" alveolar macrophages
appear in larger numbers than "free" alveolar macrophages but, in
spite of this, the general shape of the two curves roughly corres-
ponde There was no direct evidence suggesting that the loaded al-
veolur macrophages entered the pulmonary parenchyma and proceeded
via lyuphatic channels to the regional lymph nodes although, as
previously noted, some phagocytic cells, usually lightly loaded
with carmine, were fourd in the peribronchiolar, peribronchial
and perivescular areas and the lymph nodes of the hilum and media-
stinume 1in all these areas free granules were also frequently
found and these particular phagoeytic cells may well have been
other than alveolar macrophagese

The carmine laden macrophages could be found in most high
power fields ir the first few days after dusting, but they tended

to be present in largest numbers in the alveolar fields near the
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terminal respiratory bronchiole. DPessibly for this reason, there
was oecasionally considerable variation in the counts between
animals sacrificed after the same time interval follewing dusting.
A second reason for some variation in counts at the same U ime
intervals after dusting was the faet that not all animsls sacri-
ficed at the time interval were members of the szme proup and
therefore‘they were not dusted under exactly lidenticzl conditions,
There was variation in dusting conditlons for several possible
rezsons. Among these may have been average particle size; the
s~me dust was used for more than one rroup exposure and it is as-
sumed that some of the finer particles adhered to the sides of
the dusting chamber ond the cage wore readily than the coarser
particlee so that there was progressively less exposure to the
finer particles. A second factor may well have been the humidity
of the air in the dusting chamber; on occasion a secord group was
dusted immediately after completion of the previous grour and the
average meisture content of the air in the chamber was definitely
higher in this case than if the chamber were allowed to dry over=
night.

(d) Carmire laden Neutrophil Polymorphomuclear Leucocytes

Initially the reatrophil polymorphonuclear leucocyte was dis~
regarded as t he primary interest of the study was the alveolar
macrophage but the observations, that the kalf-life of free gran-
ules in the tracheobronchizl tree and the lungs was under 2, hours

and that the alveolar phagocytes did not reach maximum rumbers un-
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til the 3 to 6 dayv period after dusting, forced subsecuent counts
of the rolymorphs laden with carmine in the brornchi-bronchinles
snd the alveolar fieldse Individual counts of the rolymorphs are
tabulated in Appendix "A" and averzge counts are found in Table 2.
These averapes are plotted on linesr gravh paper (Fig 7 & 8) amd
it ean be seen that the polymorphs phegocytizing carmine spreared
very auickly following dusting, reached maximum numbers between
14 and 18 hours after dusting and then rapidly decressed reaching
very small numbers by 4 to 5 days after dusting. They were rarely
noted ufter the firat week. They appesred early, in thc peri-
bronchial and perivascular areass but in this lecation had no car-
mine within their cytoplasm (Figs 11 & 12). They were not ncted
in the lymph nodes either with or without carmine granules,

Loaded with carmine, they were found free ir the bronchi-bron-
chiocles; free in the alveoli, ard avparently attached tc the
alveolar walls,

(e) The llectron iicroscopie Appearance

This part of the study was short dve to time limitations,
Tissues from one normal and three dusted mice were studied, The
alveolar pacreophages could be ideﬂtified fairly readily because
they had a structure basically different from the epithelial cells
of the alveoli. The major differcnce was that the epithelial cell
rossessed numercus round or oval spaces with irreqular clean cen-

ters as if they had been torn. The macrophage never possessed

these structures (Fig 13). It proved somewhat more difficult to
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identify crrmine granules within the macrorchages. There are nu-
merous oval dark fairly reguler bodies in these cells and, unless
the magnification is emite hirch or the photograph very clear, the
cristae, which identify these as mitochondria, are not seen. The
carmine granules appear as very dark; often irregular or angular,
ratches in the cytoplasm of the macrophaces,

As has been noted in previous studies, there is 2 continuous
enithelizl layer covering the alveolsr surfaces. The erithelizl
eell contains s nucleus ani possesses 2 moderate amcunt of cyto-~
plasm around the nucleus. Thin attenuated portions of the cell
extend over the surface of the alveolus, From the czvillaryv cute
wards towards the air surface the followiny can usually be found;
an endsthelisl eell, basement membrane, tissus svace, basement
membrane, epithelial cell or attenusted porticn of the cell. Be-~
yond the latter there ic freouently a small finger-like interdi-
gitations of the alveolar maecrophage that seem to fit with similar
indentations in the epitheliz) cell but there is always a visible
space separating them. An alveolar macrophage lying directly on
a basement membrane was never found. Some of the macrophages were
found free in the central prrt of the alveolus,

DISCUSSION

This dustineg experiment was designed to study the clearance
of dust from the vulmonary apparatus with particular reference
to the timing of the phazocytie resvonses and the relative times
of the appearance of maximum numbers of macrovhages ir the al=-

veoll, "free" and "fixed", and in the tracheobronchial tree.



(a) Clearcnce of Carmine Crapules

interest centered on the alveolar macrophages and the uiechae
nism of dust disposal ia the pulmonary apparatuse <“he grading
system used in assessing the arount of free non-phagocytized carmine
present, taking into account the previously discussed non-linearity
of the system, reasonably represents an index of the dust lozd in
the alveoli and in the tracheobronchial trees The decrease oi this
index in the first 24 hours is striking and it is certain that if
actual granule counts had been possible, the curves would have been
even steeper and the so-called "biological half-life” of carmine
would have been even shortere The appearance of the curves (rig
2 & 3) strongly suggests exponential expressions of the decay type
and it appears that the biological half-life of carmine under the
conditions of this experiment, while somewhat indefinite, is cer-
tainly less than 24 hours. While some of this loss of free carmine
granules is due to phagocytosis by alveolar macrophages, it is
guite obvious that most of it is not due to these cells, as they
reach maximum numbers in 3 to 6 days after exposure at which time
the biological half-life of the free carmine granules has long
passeds The size of the particles is known to influence the rate
of clearance of particulate matter from the lung. It has been
shown experimentally that, as particle size decreases ths time of
clearance from the lung increaaesCBA). It has also Eeen shovwn
that, for a given load of radioactive material, the biological

half-life could be considerably shortened by inereasing the total
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dust load with zn inert dust (carbon) and this was correlated with
inereased phagocytic activity(ah). That a heavier dust lozd re-
sults in larger numbers of macrophages seems reasonable but these
presenmt experiments suggest that, at least in the czse of carmine,
there is another factor operating which appears to be more impor-
tant in the clearance of the dust in the early hours after dusting.

In the normal lung it has been stated that there is a thin

layer of fluid covering the alveolar surfaces(Bo).

The sams source
deseribes lymphoid colleetions around the respiratory bronchioles,
so-called pulmonary sumps, and describes alveolar dust drift in
the alveolar fluid to these sumps and then intc the pulmonary lym-
phaties. In these present experiments, even in the early hours,
free carmine dust granules were found in perbronchial and perivas-
cular aress believed to be lymphatics. There is a tendency for
the carmine granules to clump into larger masses and it may well
be that there is considerable increase of the lung fluid and a
drift of this along with carmine granules toward the respiratory
bronchioles in the early hours. The larger agglomerates are too
large to enter the sumps and may pass up the tracheobronchial es-
calator on a fluid raft but some of the individual granules of
dust possibly do enter the sumps and travel into the pulmonary
lymphatic channels, accounting for the free carmine granules found
in these areas (Fig 10 & 14).

In the first 2 to 3 days after dusting it was not unccmmon

to find agglomerates of carmine along with polymorphonuclear leu-
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cooytes and monormclear wacrophages both loaded with carmine gran-
ules in sections of ossophaguse For the first few days the intes-
tinal tract was colored red from carmine. Much of this was swal-
lowed during the dusting period, some came later from swallowing
carmine adhering to the fur and some probably came from gwallowing
carmine granules and loaded phagocytes ejected by the pulmonary
escalator. Ho attempt was made to assess the amount on the skin
or in the gastrointeatinal tract in relation to that in the lung
but it has been shown that during exposure the heaviest concentra-
tion was on the skin, next heaviest in the gastrointestinal traoct,
and least in the lungs; at one day this order of decreasing con-
centrations changed to gastrointestinal tract, skin, and then
lung; at one week after exposure most of the remaining dust was
in the lung, with a much smaller concentration in the gastroin-
testinal tract, and least in the skin(ss). It appears that nearly
all the material eliminated from the lung is transperted to the
gastrointestinal tract and exoreted in the feces(BS).

(b) Responses of the Alveolar Macrophages

The resulte show that the alveolar macrophages, both 'frce'
and "fixed" as well as those found in the tracheobronchial tree,
reach a meximum number in the time interval of from 3 to 6 days
after completion of the dustings It was presumed that if the
nfpee" forms were the active functional forms of the umncrophages,
these wuld increase more rapidly than the "fixed" forms., This,

in fact, did not happen. The "fixed" macrophages were always
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present in the alveolar field counts in higher nunbers t han the
ntfree" formse Once the macrophages are in the tracheobronchial
tree, quite obviously they can take no further part in alveolar
phagocytosis of dust. This result, therefore, supports the con=
cept that the "fixed" alveolar macrophages are the active func-
tional forms and that the "free" macrophages in the alveoll are,
in the maih, loaded phagocytes seeking their way into the tracheg-
bronehial tree and out of the pulmonary apparatus.

Brieger and LaBlelle, using both dusting and intratracheal in-
jection techniques and doing counts of the phagocytic cells re-
covered by intratracheal washing, showed that the peak numbers of
tfree" loaded phagocytes were present during the period of maxie
mal lung clearance and thereafter, as the rate of clearance de=

(36),

creased, so did the number of "free" loaded phagocytes These
authors used ecarbon and foumd the biological half~life was 19
hours at which time the loaded phagocytes recovered by wash=cut
was maximale The above results are at variance with those of
this e xperiment where the blological half-life of carmine vias
somewhat under 2/, hours, but the maximal numbers of loaded macro=-
phugces, either "free" or "fixed" were noted in the period of 3 to
& days after dustings The reason for this difference is not ob-
vious. Different materials were used for the particulate matter
and the manner of assessing the phagocyte response was quite dif-

ferent. In spite of this, one would expect t hat the counts by

wash~out would be more or less equivalent to the combined counts
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of "free" phagocytes in the alveoll and the tracheobronchial trees
Of some interest is the faet t hat, if one comblines the counts of
the total nusbers of alveolar macrophages and the total numbers
of polymorphomuclear leucocytes (Table #2) the resultant combined
total reaches a peak at 18 hours after dusting (Fig 9). It is,
of course, possible that carbon does not call forth a significant
polymorphoﬁuclear ileucocyte response in the lung but this suggests
that Brieger and LaPelle may have included heavily loaded polymorphs
in the macrophage countse.

If there were a direct association between the quantity of
alveolar dust and the phagocytic responses one would expect in any
group of animals sacrificed at the same time after exposure, that
those which had an above average grading of alveolar particle
loading should also have an above average phagocytic response.
Close checking of the resulis tabulated in Appendix A show that
there is correlation between alveolar loading of granules and
nfixed" alveolar macrophages and also between alveolar loading
and total alveolar macrophages of approximately 50%. The same
correlation can be shownletween alveolar loading of granules and
alveolar polymorphonuclear response and betweentronchial loading
of granules and bronchial polymorphonuclear resronse. A correla=
tion of 50% could be expected between any two variables by chance
alone and so there is no proof here that a corrslation exists be-
tween loading of the luncs with particulate matter and the phago-

cyte response, although this would appear probablee
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(e) Tesponses of -olyuworphonuclear Leucocytes

The earliest response of the polymorphs was an infiltration
of these cells in the peribronchial and perivascular areas as well
as some margination of leucccytes in the smaller arteries and lar-
rer arterioles (Fig 11 & 12). These cells zt this stage contain
no phagocytized material and the response appears to be one of
early inflémmation. Later the polymorphs appear in larger num-
bers in the alveoli and bronchioles and here they comtain phago-
cytized carmine. The numbers of polymorphs containing carmine
granules rise very rapidly in the first 24 hours reachinz a peak
at about 18 hours. :fter this the numbers drop off again very
rapidly so that, after approximately 3 days very few ore noted
(Fig 15)« Disposal of these loaded phagocytes appeared to be en-
tirely by the tracheobronchial route =s no polymoruh containing
carmine was noted in the regional lymph nodes although oceusionally
ore, noted in the peribronchial or perivascular area, appeared to
contain a small amount of carmine. Some of the loaded polymorphs
could have dogenerated and released their load of granules but
there was no indication that this did, in fact, happengBQ).

N particular interest 1s the relationship between the bi-
ological half=life of the free carmine granules and the time of
appeerance of the carmine laden polymorphs in maximal numbers,

The biological half-life of the carmine, although somewhat inde-
finite, is certainly less than 2L hours following dusting and the

loaded polymorphs appear in maximal numbers at approximately 18
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hours. It appears therefore that this early rapid disposal of free
carmine granules is associated with phagocytosis of carmine by
polymorphe and clearance of these loaded cells up the tracheobron-
chial trees In addition to this mechanism, the rapid phase may
be associated with some olearance of granules into the pulmonary
sumpa and into the lymphatics of the lung as a few granules are
noted there earlye It is certain that free granules in the cili-
ated part of the tracheobronchial tree are assisted out of the
tree by ciliary movement in this early phase but whether or not
there is a drift of alveolar fluid and gramules towards the ter-
minal bronchioles is not proven in this experiments The timing
of the polymorph response suggests an acute inflammatory reaction
and this wmay well be accompanied by increased fluid in the alveolar
walls and inereased lymph flow in the lungs but this also was not
evident from the studye.

(d) The Flectron Microscopic Appearances

The observations here confirm those of Karrer(BB). There is
a continuous epithelial covering in the alveoli and the alveolar
macrophages, although closely applied to this epithelium, do not
appear to be attached and do not lie on a basement membrane but
rather on an epithelial cell. Thus the terms "Iree" and nfixed"
alveolar macrophage describe cells which differ only in the amount
of space speurating them from the epithelial cell surface, Time
limited this part of the study but, in the survey that was done of

various areas of the lung parenchyma, no cells were found that re-
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sembled the alveolar macrophage closely enough to form a conelu=~
sion or even a guess as to the origin of the macrophage.

SUMMAR Y

This experiment was done to s tudy the phagocytic responses
in the lung tc airborne particulate matter consisting of finely
ground carmine. After a single dusting with carmine, it was found
that one half the initial le=d of granules was disposed of within
the first 24 hourse Disposal consisted of elevation up the tra=-
chepbronechial tree by the pulmonary escalator and phagocytosis
by polymorphs and alveolar macrophages although a small amount
of appzrently free granules entered the pulmonary lymphatic sys-
teme

The maximum numbers of carmine laden polymorphonuclear neu-—
trophils appeared at approximately 18 hours after dusting while
the maximum numbers of carmine laden alveolar racrophages appeared
at from 3 to 6 doys after dusting, both in the bronchi-bronchioles
and in the alveoli. The polymorphs almost disappeared from the
lungs by 3 days after dusting. It therefore appears that the early
elearance of carmine from the lung is primarily a function of the
polymorphonuclear leucocytese The alveolar macrophages clear that
carmine not eliminated by the polymorphs, by simple cilial action
or by lymph drainage. Only minor clearance of carmine occurs
through the pulmonary lymphatics and here the mechanism appears
to be by means of free granules entering the pulmonary sumps al-

though this is not entirely certaine
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Almost all the carmine dposited with the single dusting is
cleared by 60 days after dusting, but it is interesting to note
that even at this late date a few intraalveolar free granules
eould be founde It is probable that these represented granules
that had been phagocytized previocusly and were released when the
phagocyte died prematurely before finding its way out of the lung.
Ly direct ﬁsasurement it was found that wost of the granules in
the g}veqli were close to lu in diameter.

Phe "free" and "fixed" alveolar macrophages responded in an
identical manner chronologically although the nfixed" forms were
slways present in the alveolar fields in greater numbers than the
tfree! forms. By means of the electron microscope it was deter-
mined that the "fixed" form was not really fixed in the alveolar
wall as it rests on the epithelial cell, which forms the lining

of the alveoli, rather than on a basement nembrane.
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PART II

EAVERLIGNTS INVOLVING PHaGOUYTOSIS OF rRYTIRCCYTLS

KEVIS: OF HtoVIOUS OBSERVATIONS

(a) yn _Phagoeytosis of Lrythrocytes

There has not been a great deal of work done in this subject.
Malr and Niven(37) in 1935, using rats and mice, found that the
formation of granular and crystalline pigment from subcutaneously
injected erythrocytes was intracellular. 'They found that forma-
tion of hemosiderin was evident { rom 24 hours onward following
subcutaneous injection of erythrocytes znd this pigment was both
diffuse and granulare Hematoidin, the iron free pigment first ap-
peared about the 7th day and was thought to be from hemosiderin,
the iron having been removed by some mechanism. The foruation of
hematoidin was not noted in rabbits.

(b; On Pulmonary Phagoecytosis of Erythrocytes

There are a great many clinlcal reports of cases of idlio-
pathic pulmonary hemosiderosis but only one e xperimental study
could be fourd, Magerey(sa) used rats and s ingle, as well as re=-
peated, intratracheal instillations of blood in order to cast doubt
on the proposition that the size, shape, and distribution of the
deposits of hemosiderin laden macrophages in mitral stenosis point
to the veesels of the small bronchi as the source of this blood
rather than diffuse alveolar capillary hemmorhage, By simple in-
stillation of blood intratracheally, wide, although not general,
dispersion was obtained throughout the lungs and yet there was a

tendency, eventually, for hemosiderin laden alveolar macrophages
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tec aceumlate in focal “rtroaslveolar szgregates. It was also noted
thet smoll amounts of hamaiderin wer- formzd as early ns 2 days
after the inatillation. These aowmrepstes in rat luryge are quite
aimilar to thore im buman lungs of —atienta sufferines fron chronle
venous congestion,

VATELTALS, TPRODS AND OBRFRVATTIONG

(a) Animals

Am n Plret otep in the study of red cell clearance from the
lungs of mice, it was decided to follow the preduction of hemo-
siderin by reans of the FPrussian Mlue raeactions PRouvtine sectiions
of some of the nreviously dusted mice stained with Perl's stain
211 showed grester or lesser numbers of ohagocytes staining posi-
tive for iron. Therefore, as a preliminary step, a group of 10
mice were sacrificed hy exposurc tc chloreform and, after proces—
sing the lungs in the ususl marner, routine sections rerc made
and stained with Perlts stain. Of these 10 mice, 5 were older
adult mice in the age range of 6 to 9 months, and the other 5 were
voung mice in the age range of 1 to 3 months. The total number
of phagocytes showing a positive stain for iron were counted in
the 2)lveoli, in the bronchioles nnd bronchi, and in the peribron-
ehial and perivascular areae of all lobes in the entire section.

The iron positive macrophage count in the two small groups of
young (COY¥) and older (CGA) mice can be seen on table #3. Although
the average pmmbers of iron prsitive macrophages are greater in the

older age rroup (CGA), considerable overlap can be noted between



31
mouse #4 of the younger rroup (CGY) and mice #1, 3 and L of Lhe
older sroup (CGA)s In the older goup it was quite common to find
iron positive cells in the peribronchial and rerivasculsr areas,
Some of these cells were somewhat elongated and may have repre-
sented smooth mnscle, but many of them are not smooth nuscle.

They aprear to he collections of lymphocytes, plasma cells and his-
tiocytes, the latter of which appsar to be the iron~containing
cells. Tt was also common to find iron-containing phagzocytic cells
in the sirusoids of the lymph nodes in the peribronchial and para=
tracheal arean. These latter cells are presumed to he part of the
raticulo=~erdothelial system although they are morpholezically ei-
milar to the pulmonary macrophages and this origin cannot be ruled
out completely. In the dusting experiments similar cells uwere
frequently found in the same nress of lymph nodes, In these ex—
perinents the cells occasionally containsd carmine g ranules but a
few contained a round tody that had the morphological appearance
of an erythrocyte.

From this small survey it appeared that almost all of the ol-
dor mice did have phagocytes in the lung containing material which
stains positive for iron with Perl stain. The younger group of
miee, although also showing some iron positive phagocytes, were
much less pronounced in this respsct. Using the Student P test
for significance of differsuces between averages of the mumber of
iron vositive phagocytes in the older and younger groups (table 3B),
it can be seen that there are only about 23 chances in 1000 that

the averages in the alveoli are chance variations { Probability =
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0.0235). In the bronchi and bronchioles and in the reribronchial
and perivascular areas there is about 1 chance in 10 that the dif-
ferences are chance variations, It therefore appears that there
is a significant difference in the numbers of alveolar phagocytes
containing iron positive material between older mice and young
mice, at least in the alveolar areas. For this reason it was
decided té use the same mouse colony for these experiments but
the litters were segregated on a monthly basis and mice between
the ages of 2% and 4 months were usede
(b) Autopsy Technigue

All mice were killed by e xposure to chloroform in a small
chamber. The animals were flayed as in the previous dusting ex-
periments but, as there was no necessity to prevent collapse of
the lungs and as there was a possible use for mouse livers, the
thorax was lmmediately separated from the abdominal contents by
dissection above the liver and severing the spinal cord at this
level. Inveriably this procedure resulted in perforation of the
paper-thin diaphragm and collapse of the lungs. In spite of this
3t was worhtwhile to retain the technique as the various lobes of
the lungs were fixed in the proper position, facilitating prepa-
ration of the lungs for section. All tissues were fixed in 108
buffered neutral formalin for 48 hours before being prepared for
section as was done in the previous dusting experiment. Most of
of the observations and all of the counts were made f rom routine

sections cut at approximately 5u and stained for iron with Perltis
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stain. Some sections were also prepared and stained with hemo-
toxylin alone and others with HFS (hematoxylin, phloxine and saf-
fronin).

(e) uvaluaticn of Hemosiderin Production

All Perl stained preparations were screcned under low power
(X10 obje.) and if there was concentration of blue staining nacro-
phages in.any area of the lungs, 10 high-power fields were coun=-
ted from that area. Similarly 8 bronchi or bronchicles wers se-~
lected by choosing those which appeared to be most heavily laden
with iron positive macrophagese In other words, the counts vere
done in the szme mmanner as those cof the dusting experiment but,
instead of random selection of alveolar fields and bronechi-bron-
eliicles, tihcse fields giving the highest counts were selectede
It was felt that this was necessary because the iron positive
macrophages were often distributed in a very patchy manner. YWide,
generalized distribution was the exception rather than the rule
and invariably indicated a high count. In the experiments no note
was taken of whether the pulmonary macrophages staining positive
for iron with Ferl'!s stain appeared to be "free" or "fixed".

Tt should be noted that, with the method of counting used,
the same count eould be found in two mice, one of which had a
heavy loading in one lobe only while the other might show the
same concentration in all lobes and so have many more iron posi-
tive macrophages in the total lung fields, In the observations

made on iron containing phagocytes in normal mice, total lung
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fields were counted and startling differences were not noted be-
tween these total field counts and experimental counts of control
mice. The numbers involved however, were quite small and it is
not possible to draw conclusions from thise

(d) Procedures and Observations

In the following experiments group A Rh positive human blood
was used as a source of erythrocytes.

FIRST EXPERINENT

(1) In the first experiment 6 mice from 6 to 9 months of
age were used. Heparinized human blood was centrifuged and the
plasma removed, following which the cells were washed three times
in 0.9% saline and the original volume reconstituted with the sa-
lines Under ether anaesthesia /4 mice had 0.05ml of the saline
suspension of blood cells instilled intranasally, using a tulicr-
culin syringe and a blunted #24 needle. The other 2 mice had
O.1ml of the saline suspended cells instilled similarly. The
mice were then allowed to recover from the anaesthetic and sac-
rificed at four day intervals as outlined in table 4.

The first experiment was planned as a trial of method and
techniques The results of counts of iron positive phagocytes as
shown in table I suggested that hemosiderin was produced as early
as the fourth day and that the maximum production was probably
about 8 to 12 days after instillations The counts also suggested
that instillation of O.1lml of blood give considerably higher

numbers of iron positive phagocytes than instillation of 0.O5ml.
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It was felt that the higher counts would be of asaistance in dis=
$inguishing between the amount of iron "normally" found and that
resulting from the breakdown of instilled erythrocytes, and so 1t
vas decided to use O.lml of blood in the larger third experiment.
Unfortunately the mouse sacrificed at four days after the O.1ml
instillation (mouse L=2-4) developed & marked bronchopneumonia,.
At this time it was felt that the instillation was probably not
the prime cause of the pneumonia and so it was decided to go ahead
with the larger third experiment. It was also decided at this
time that plasma might aid phagocytosis and so the third experi-
ment was planned to utilize heparinized human blood rather than
washed saline reconstituted red blood c ellse

SECOND EXPERIMENT

(i1) In the second experiment an attempt was made to in-
ject blood into the lung directly but blindly through the chest
walls BEight mice were anaesthetized with ether and Oulml of hep-
arinized humzn bleod was injected into the left chest from the
mid=axillary line near the mid chest in a slightly dorsal direc-
tione It was thought that this would probably hit the left lung
satisfactbrily. One mouse died approximately one hour after the
procedure but the rest recovered and they were sacrificed at 6
hours, 1 day, 2 days, and 3 days after injestions.

It was thought that, by direct injection of blocd into the
lung, there would be a well defined area of trauma aiong with
the blood and this would allow the rate of hemosiderin formation

to be determined with greater accuracy. This prcved to be dif-
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Fieult in practice. The mouse that died appreximately one hour
after the operative procedure was a victim of mediastinal haemor=
rhage, the needle having damaged one of the mediastinal blood
vessels. OFf these 8 mice, there was ne gross evidence of a defi-
nite nature %o indicate an area of traum= in the left lung. The
mice were killed in pairs at the times noted previously. One
mouse killed at 1 day after injection showed a haematoma of the
left chest wall where the needle entereds 0One mouse killed at 2
days after injection showed congestion of the left lung but the
companion mouse showed a similar appearance in the right lung
lobes. Those mice killed at 3 days after injection showed con-
gestion bilaterally in the anterior and lower lung areas. Mcro-
scopic examination of sections stained with hematoxylin and with
Perll's stain falled to reveal a definite area of the left lung
traumatized or containing many alveolar phagocytes containing iron
positibe material or containing many alveolar erythrocytes,.

THIRD EXFERIMNT

(1ii) In the third experiment 48 mice were used along with
22 control mices The experimental animals all had U.1lml of hep-
arinized human blood instilled into the nostril while anaesthetl-
zed 25 outlined in the first of these experiments. It was neces-—
sary to do this rather elowly as it was comparatively easy to
bloek the airway and cause the death of the animal. The controls
were anaesthetized along with the experimental animals, but had

no instillation of material in the tracheal bronchial tres. All
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animals were allowed to recover and then sacrificed at 2, 6, 12,
18 hours, 1, 2, 35 55 75 95 15, and 21, days after instiliation.
There were ., experimental mice and 2 controls sacrificed at each
time interval after instillation except at 15 and 24 days whsn
only one conbtrol imouse was available. Jiach group of experimental
and control mice averaged either 3 or 4 months of agee This is
all outlined on table 5.

Thie third experiment was planned as a large scale follow-up
of the first experiment. It will be noted on table 5 that there
vas considerable scatter to the counts but the averages show a
peaking around the seventh day a fter the instillation of bloode
Following this there is a gradual decrease of iron positive macro-
phages but even after 24 days following instillatlon there is still
a moderately high count in the alveolar fielde In the bronehi~
bronchioles there is a similar, althougn less marked, increase in
iron positive phagocytes at least from 9 to 15 days after instil-
lation. Very few mice were without eny iron positive cells re-
sembling pulmonary macrophages in the paratracheal lymnph nodes if
these were ineluded in the sections The control mice did not dif-
fer in thie respect from the experimental micee None of the mice
in this experiment showed any visible adverse effect from the ex-
perimental procedure except mouse #3 in the group killed one day
after instillation, in which there was a light patchy bronchopneu-
monia. There was a tendency for the areas of maximal iron posi=-

tive macrophage counts to be located peripherally near the pleural
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suriuace, although this wsas not universale Ho initlial polymerph
respense was ncted nor were there any polymorphs, stalning posi=-
tive for iron with rerlits stain, noted latere This was in con=-
trast to the polymcrih response noted in the dusting experiments
with earmine,

DISCUSSION

(a) TIhe Student "t" Test

Considerablé use has been made of this test in an effort to
test Lhe statistical significance of the resulis obtained in these
experiments. This test 1s designed to test the significance of
difterences between the nmcans (averages) in two groupse. The as-
sunption is made that the two groups being averaged separately
are part of an identical larger populztion and the results of the
test (i.e. value of "t") can be translated to probably that the
two smaller groups are part of the same larger population by ma-

thematical tables. The formula for "t" is as follows:
n-%

2 2

g .8

i

Where X y = mean of the first group

o ™ mean of the second group

£t =

bl

nogy o= number of separate items in first group

n 5 = number of separate items in second group
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and 8% = Sum (xl-'il)2+5um(}(2-'1‘(2)2
n1+n2—2

where Xl and X2 o individual values of itenms in first and

second g roups respectively.

It can not be proven statistically that the t wo groups ine
volved are not part of the same general pupulation but, the proba-
bility tha£ they are part of the same populatlion can be shown
mathematiecallys A probability level must be selected at which
the experimenter is willing to accept the fact that the chance,
of the two groups averaged being from the ssme population, is
remote enough to indicate that the original proposition is ine
correct and that the difference of averages is significant.

This probabllity level may be set as high as one wishes but it

is upual to accept a P value of 0.05 as a reasonable level. This
means that the chance that the two groups averaged are randon
variations of 2 single larger group is less than 1 in 20, This
value has been used in assigning significance to the results in
these e xperiments.

(b) Erythroecyte Phagocytosis and Hemosiderin Production

Insofar as the initial © ntrol groups of 5 young and 5 adult
mice are concerned, the counts outlined in table 3 suggest that
phagocytie cells staining positive for iron with Perl's stain are

present in most mice and the counts also suggpest ¥hat older mice

possess these cells in larger numbers than younger mice. A sta=-
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tistical comparison of these two groups (CGA & CGY) and their
means, using the student "t" test, is shown on table 3B, As ean
be seen there is & fair chance that the results obtained for iren
positive phagocytes in the peribronchial and perivascular areas
are from the same general population (P = 0,1 or chance is 1 in
10) but there is only a slight chance that the alveolar averages
are from the same population {P = 0,0235 or chance is about 1 in
50)s It was assumed from this that there is an increase in the
number of alveolar phagocytes staining positive for iron with
Perl's stain as mice get older.

(1) For the first experiment the results of the total
counts of iron positive phagocytes in the sections of these lungs,
noted on table L, showed a definite increase in the numbers of
these cells by & days and in addition, suggested that the 4 day
counts were also probably increased., It also appeared that ine
stillation of O.lml rather 0.05ml of blood resulted in higher
counts as can be seen on the table (i.e. the difference between
mouse L-l=8 and mouse L=2-8), For these reasons the third ex=
periment was planned to cover the period of 2 hours to 24 hours
after instillation of O.lml of blood.

(11) For the second of these sxperiments there were no re-
sults obtained on which conclusions eould be based, It is quite
possible that, in most of these mice, the blood was injected in-
to the pleural cavity instead of into the lung parenchyma. It

was not repsated but, in retrospect, it is thought that the in-
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Jection area could have been determined easily if some inert par-
ticulate matter had been used with the blood (e.g. sterile car-
mine or carbon). It would then have been possible to see whether
this particulate matter was in the pleural cavity or the lung and
to localize it,

(iii) 1In the third and largest exveriment in this series,
the maximm number of iron pesitive alveolar macrophages was no-
t¢? at approximately 7 days (table 5)s The control mice were of
two groups differing in their average age, the first control
group being from 25 to 3% months old and the second control group
being 3% to 4% months old. All mice, both experimental and con-
trel, killed at the same time after the experiment started, belonged
to one of these age groups only and were not mixed. The student
et test was applied to the two age groups of control mice and the
results of this can be seen on table 5B It will be noted that
the chance that these two groups were merely part of the same
population was fairly high in respect to the iron positive macro-
phages in bronechi (P=0,175) and in alveolar areas (P=0.296)(i.e.
approximetely 2 in 10 and 3 in 10 respectively). Nevertheless,
as the previous study had shown that there was probably a sig=~
nificant difference in this respect when mice with greater dif=
ference in age were used, the experimental mice were compared
with the control group of corresponding sge with the student "¢t

test. The results of this can be seen on table 50 and it will
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be noted that the first alveolar result which is significant (i.s.
P = 0.05 or less) is at 2 days and the results from 7 to 24 days
all appear significant. Insofar as the ironchi=bronchioli are con-
cerned, it can be seen that only the counts at 2 hrs, 5, 9, and
15 days show a significant difference from the control group.

It can not be proven statistically that any of these averages
really are significant of experimental appearance of hemosiderin
in the macrophages but at 7 days there is only 1 chance in 100 that
the alveolar count in the experimental group is a chance variation
of the same larger group containing the controlse. This count at
7 days also happens to be the highest average count obtained. In
view of this, as it is not probable that hemosiderin appeared in
maximal quantity suddenly, it is also probable that some of the
earlier counts are significant although most do not appear sta-
tistically significant,

The prime method of disposal of erythrocytes injected sub-
cutaneously is phagocytosis by tissue histiocytes and hemosiderin
is often present amounts detectable by the Frussian blue reaction
as early as 24 hours after the injection(37). This suggests that
the statistically significant alveolar count at 2 days is correct
and that there is a slow rise from instillation to 7 days and
then a gradual slow fall in mumbers of iron positive wmacrophages.
If this is true, then the bronchlal counts from at least 5 days
and possibly from 3 days as well are likely significant.

No extracellular hemosiderin was noted during this study and
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the evidence, partly statistical, supprorts the concepi that the

dispowmal of erythrocytes free in the alveoll is by phagocytosis
by the alveolar macrophages in which cells hewmosiderin is pro-
duced from the breakdown of the red blood cells. It would appear
from this study and froin the results of the previous dust study
that most of these phagocytes find their way up the tracheobron=-
chial treé and out of the lung. Vhether or not the iron in these
cells is lost to the animal would depend upon whether the sputum
is swallowed or expectorated., In the mouse there does not appear
to be imuch of & cough reflex or expectoration and so it is pro-
bably swallowed and not lost to the animal. In the hunan this
might well account for loss of iron from tne body in conditions
such as mitral stenosis,
SUMIARY

tost of the mice in the colony used for these e xperiments
had alveolar macrophages which stain positive for iron with Perl's
stain and the counts suggested that the numbers of these increase
with increasing age of the iouse. For this reason direct evidence
of the first zppearance of hemosiderin after instillation of blood
into the trachea is lackings However, by statistical means, it
was shown thst the incressed nunbers of iron rositive macrophages
in the alveoli at 2 days after instiliation wus likely signifi-
cant and that the maximum count of iron positive macrophages in
the alveoli which occurred at 7 days was almost certainly signi-

ficant (only 1 chance in 100 +that it is not significaunt).
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It is likely, therefore, that alveolar disposition of ery-

throcytes is similar in timing to subcutaneous disposition and
that, if these lungs normally contained no iron positive alveo-
lar macrophages, one would probably find traces of hemosiderin

as sarly as 2L, hours after instillation(37). It also appears
that the production of hemosiderin is intracellular and that many,
if not all, of these iron positive macrophages are cleared up

the tracheobronchial tree.
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PART I1I
FOST MORTUM PHAGOCYTOSIS OF CARMINE BY ALVAOLAR NACROFHAGES

REVIEY OF LITFRATURE

During this study nothing was found on this subject albhough
there is considerable experimentation on phagoc,tosis in tissue
culture. This is not quite the seme condition as in the lung af-
ter the death of the animal and so a short experiment was planned.

MATILJIAL AND MELRODS

(a) Animals
Adult mice of the same colony and age range as used in the
dusting experiments were used in this experiment.

(b) Experimental Frocedure

A group of 7 mice were killed by cerebral trauma and the bo=
dies placed in a water bath at 38% C. A suspension of carmine
was prepared in advance by mixing approximately 2¢cs of ground
carmine in approximately 15ml of 0.9% saline and allowing 30
minutes for the larger particles to settle. Vhen these animals
had been dead for 5, 10, 20, 30, 40, 50, and 60 minutes each was
taken from the bath, the trachea was exposed and tied off, and
1ml of the saline-~carmine suspension was injJected into the lower
tracheobronchial tree following which the animal was returned to
the water bath for 1 houre

It was felt that use of serum rather then saline might en-
courage phagocytosis of the carmine particles and so a second

short experiment was carried out. A suspension of carmine in
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serun was prepared by using lec of ground carmines in 5ml of mouse
serwn, mixing ond centrifuging at 1000cps for 5 minutes, thus al=-
lowing the larger particles to precipitate. The supernatant sug-
pension was injected into the trachea zs oreviously described and
under Hhe szme expzrimentzl conditions. The injsctions were mide
inbo the tracheas of mice that had been daad 0, 5, 10, 20, and 30
mirutese As befors, the bodies wers then returnred to the water
hath for 1 hour.

(¢) Autopsy Technique

The technique of autepsy was essentially the same 28 that
deseribed in the dusting experiment, Sections were stained with
hematoxylin only.

(d) Evaluation

These sections were merely screened for zlveolar macrophages
containing carmine gramules. Uec actual count of the nuwnber of
pacrophages loaded with carmine was made.

OBSLREVATIONS

(a) (ieneral

The carmine granules in these experiments had a tendency to
concentrate in the periphery of the lungs near the pleural sur—
face rother than around the alveolar ducts and respiratory bron-
chiolec..

(b) Fhagocvtosis of Carmine

There wae essentially no difference between the expariment

using a saline suspension of carmine and that using a serum sus-
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pension, althougn there may have been a bit heavier uptake of
carmine in the lalter case. 1t was comparatively easy o find
carmine laden macrophages in the lungs of inice recelving the sus-
pension up to ; hour after desth and most of these were of the
so=called “Iree" Lype. after Lhls tiuwe, however, tiese cannine
laden wacropiages were found with incressing difficutty. it was
very difficult to find a macrophage containing carmine in the
lungs of mice tuat received the instillation one hour after death.
Bvan at 1 hour, howsver, there were alveolar phagocytes which ap-
peared to comtein carmine gramules but, when the microscope was
focussed through the thickness of the cell, the granules conld be
seen adhering to Lhe periphery of the cell rather than inside of
the cell.

DISCUSSION

(a) Distribution of Fluid Suspension in Lungs

It has been pveviously noted that fluld material entering
the lounr respiratory tract tends to flow directly to the ter-
minal parts of the lung %), This is different than the distri=
bution of particulate matter suspended in air and it appears to
depend on fluid viscosity, body position and other less understood
factors., These short experiments confirm previous observations
on Liwe dilference in distribution of air-borne and fluid-borne par-

ticles,

(b) FPost Mortem Fhagocytosis of Carmine

That there would be phagecytcesie by alveolar macrophages af-
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ter death of the aninal s-emed orobabley, as it is well known that
tae state of elindcal death is not syrnonymous with the nirulta=-
neous death of all ceils of an organism. These experinents snowsd
that the zlveclar phagocytes remiin funcbionally asctive to some
avboat for at leust o hour following clinical dealh of the wnimal
and are able to phigocytize camnine granuiese The zccumulstion
of caradine gramles arourd thz cailular wembranz of cells expused

- hour period mey be evidence of some further functional

zPher this
achivity or it may be merely the result of changed surface tension
of the cell wmenbrane on the death of the cell. From part I1 of
this ctudy it appecrs that the formution of hemosiderin from ery-
throeytes und macrophages taskes 24 hours or more and so post

mortem nroduction of hemosiderin appears to be very unlikely or

imposcibles
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AT inebe were peiformed te stuay (in the lung) Phegocy=
toosis or ailr-borne particulate matber, fluid-borne red blecd celis,
and fluld=borae wurblcoulite nalfer alter deabh of (ke animed.

In tite experlisents wibh elr-borne parsicouline natter in tue
form ur campne it wes fowd Chab aore toen 2 oi Lhe criglicl load
of Lideled purticies way disposed ol within ihe [ lrst 24 hourse.
~veing this tine bhe polymorphomuclear leucocytes were numercus
L veny .';.“Q‘f;ive chagocytes while the olveolar macrophages, altheugh
showing increused nuwmbers conteining phageeitized sarticulate mat=
Ler, were nob Lhe predominste celis. .iveolar wacrophages reached
Lieir neociman wdbers between 2 and 6 days after dusting amd by
this time polymorphomiclear leucocytes had almost disappeared.

It therelfove appezred that the very carly vremoval of air-borne
¢armine grarules from Lhe pulmonary apparatus was a concern ol the
polymorphomuclear leucocytes, supported Ly eillary action in the
trach=cbronchisal tree and, possibly increase in fluid novement

on the surf.ces of the alveoli and bronchi., After the early hours,
removal of foreign partlcles was increasingly the concern of the
alveolar macropiiges. The iain, and possibly only, route of
clearance of these loaded nacrophages out of the alveoli was up
Like tracheobronchial tree slthough it could not be absolutely
proven that none entered the pulimonary lymphatic system or the
pulmonary parenclyms. It was reasonably certain that free gran-

ules of varticulate matter entered the pulmonary lymphatics,
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possibly by means of the so-called pulmonary sumps.

By direct measurements it was found that the granules of
particulate matter which reached the alveoli were mainly in the
lu diameter size rangs. Flectron microscopy confirmed the fact
that the alveolar macrophage was not really "fixed", as seen in
the standard light microscope, but rested on the epithelial cell
of the alﬁeolar walle

Most of the mice studied possessed alveolar macrophz2pges
which stained positive for iron with Perl's stain. TFor this
reason statistics had to be used to indicate probable time of
breakdown of henmosiderin from erythrocytes., It was shown that,
two days after instillation of erythrocytes into the lungs, there
was a significant rise in the number of alveolar macrophages
staining positive for irons It was also shown that the highest
nutber of iron positive alveolar macrophages occurred at 7 days
after instillation of bloode It was concluded that the disposal
of erythrocytes in the alveoli was likely similar in timing to
the disposal of erythrocytes in the subcutaneous tissues i.e,
the earliest appearance of the breakdown of hemoglobin to hemo=
siderin at about 24 hours and the maximum amount appearing at
from 3 to 7 days(37). The production of hemosiderin appeared to
be within the macrophages and the main and possibly only route of
clearsnce of these cells was up the t racheobronchial tree.

After the death of the animal the alveolar macrophages re-

mained phagocytically active for at least », houre After this
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period there was a suggestion that the phegocytic cell might still
be active to a slight extent but only enough to hold particles to
the surface and not phagocytize thems. There was no indication
that these cells could remain active for 24 hours which is about
the minimum time necessary for the formation of hemosiderin from
erythrocytes and so post mortem forimation of hemosiderin was not

considered possible.
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Figure 10 - (MP1-5-5) Feribronchiolar and perivascular
area of mouse lung 5 days after dusting with carmine.
llote "free" and "fixed" alveolar macrophages containing
carmine. Also note a few granules of carmine in lym-
phoid tissue between the blood vessel and brenchiole
(pulmonary sump) and that these do not appear to be ir-
tracellular. (Hematoxylin only X 350)



Figure 11 ~ (MP-CG-Y3) Area of lurg cf untreated con-
trel ncuse shewing rerivascular and peribronenial
clear areas. (Hematoxylin only X 72)

ficed immecdiately after 2 hours dusting with carmine.
Note infiltration of rerivascular zniid reribronchial
clear areas by polymorphs and cells resemblineg plasma
cells, (Hematoxylin only X 72)

Figure 12 - (MP1-15-0-4) Area of lung of iocuse sacr



Pigure 13 - Blectron microphotograph of "fixed" alveolar mi-

crephage, wall of an alveolus, alony with a capillary chan-
nel. Note that there is a thin attenuated cell situated be-
tveen the macrophage and the basement membrane. Dark angular
vodies at 3 and 10 o'clock in cytoplasm of macrophage are
probably carmine granules but most of the oval dark bodies
are mitochondria. (X 9,000)



Figure 14 - (MP1-13-0-2) ouse sacrificed immedistely
ter 2 hour dusting with cermine., Alveolar arees

shows that mcst cf the

non-phagocytized althoug

2

Ny

carmine grarules are free and
rh concentrated into clunrs.
(Hematoxylin only X 500)

e

Figure 15 - (MIl-12-3-1) louse sacrificed 3 days =fter
2 hour dusting with carmine. Alveclar area shows mosb
carmine granules now within "free’ and "fixed" alvec-
lar macreophages., (Hematoxylin only X ASU)



Figure 16 - (#P5-2-30) Mouse sacrificed and 30 minutes
later serum suspended carmine granules were instilled
into the tracheobronchial tree through the trachea.
This alveolar field cof the lung shows carmine granules
within alveolar macrophages and alsc arparently accu-
mulating on the surface of the same type of cell.
(Hematoxylin only X 350)
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TABLE 3A

CCNTROL MICE - ROUTINE LUNG SECTIONS - PERL'S STAIN

Alveolar Bronchial
Mouse |macrophages| macrophages Peribronchial and
Num~ |} positive positive Perivascular iron
Grecup ber for iron | for iron 8 Total | positive cells

CGA - (adult 6 to 9 months old)

1 25 0 25 31

2 85 3 28 4

3 14 1 15 28

4 33 1 34 52

5 112 A 116 31

Sum 269 A 9 278 146
Average 53.8 1.8 55.6 29.2

CGY - (young 1 to 2 months old)

N
(@)
(@]
@)
O

3 3 2 5 20
I L6 1 L7 0]
5 1 0 1 0
Sum 50 : 3 53 20

Average 10 0.6 10.6 L




TABIE 3B
Application of Student ®t® t{est for significance of dif-
ferences between averages of iron positive phagocytes in control
mice in 1 - 3 months age group and 6 - 9 months age group.
1l For phagocytes in the alveolar fields

53.8 - 10 L3.8
= = 2,79

LA ]
‘\[621,2; o £21.25  15.7
5 5

For (n-2) 8 degrees of freedom
p = 0.0235

2 For phagocytes in bronchi and bronchioles

For (n-2) 8 degress of freedom
p= 0.1

3 For phagocytes in peribronchisl and perivascular areas

‘ p =222 =4 - %’% - 1.839
11/9‘6%,2 » 5615,2 .

For (n-2) degrees of freedom
p= 0.1




TABIE 4

SUMMARY OF PRELIMINARY EXPERIMENT ON PHAGOCYTOSIS OF ERYTHROCYTES

i

Time lapse Macrophages positive for Iron (Perl's Stain)

instillation Amount !

to blood Bronchi and Alveolar Peribronchial ;

Mouse # sacrifice instilled Bronchioli areas Perivascular ;

L-1-L L days 0.05m1 27 67 10

4-1~8 . & days 0.05ml 35 170 L7

L-1-12 12 days 0.05ml 8 169 L8 ?
4-1-16 16 days 0.05ml 38 204 55
L=2-L% L days O.1ml 10 137 32
L-2-8 8 days O.1lml BUA LQ4, 83

*mouse also showed a moderately extensive acute bronchopneumonia
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TABLY, 58

e Student 4% Test for significance of

differsrce of averape numbers of iron pozitive pharocytes in
the cocntrol groupsd 8 mice of 3 months average age and 14

mice of L months average age.

1 For phagocytes in bronchi and bronchioles

1 _ 38
t = ll* 8 = 1«}06};’% = l.ht’)l

el
\/50.61, L 50.6L
g 14

For 20 degrees of freedom

P = 0.175

< For phagocytes in alveclar fields

o _ =51
R - 3222% 073

RIETEPEY
<

- e

1654 .2
14

1654, 8
5t

For 20 degrees of freedom

F= 0,29



TRELE 5C
dpplicriicn of the Student ¥"t¥ Test for significance of the
differeonces between the means of the control and experimen-

ral mice treating the 3 and 4 month groups separately.

Time lapse between Bronchi Alveoli
instillation of
Llood and sacrifice g Probability ht 0 Probakbilitvy
2 hrs 2,387 0.0256 * L2798 0.79
‘6 hrs . 5593 0.6 +L1L0 0.68
12 hrs .L509 0.63 1.795 0.1
18 hrs 2,133 C.052 1.685 0.13
1 day 0672 0.95 3875 0.7
2 days 707, 0.5 2,622 0.019 *
3 days 1.851 0.085 1.670 C.115
5 days 2.560 0.02 * 1524 0.875
7 days 1.541 0.17 3.147 0.01 #*
9 days 2.140 0.05 # 2.507 0.024 #
15 days 3.156 0.0065 %  3.901 0.0033 *
24 days 1.163 0.265 2,208 0.0L4 *

# indicates prabability of 0.C5 or less (i.e. less than 1 chance
in 20 that the experimental animals are a chance variation of

the normal control group concerned).
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21
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2.5
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