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III. PATHOGENESIS

By OSWALD H. ROBERTSON, LOWELL T. COGGESHALL anp
EDWARD E. TERRELL

(From the Department of Medicine, University of Chicago, Chicago)

(Received for publication October 31, 1932)

The preceding paper (1) dealt with the pathology of the pulmonary
lesions found in dogs dying from experimental pneumococcus pneumonia
or killed after the disease had been well established. In the present
communication observations on the successive changes leading to the
development of the typical lesions are presented. Nineteen dogs, infected
as previously described (2), were sacrificed at intervals of one to twenty-
four hours. The details of dosage, observed changes during life, autopsy
findings, etc., are shown in Table I.

One hour lesion

By the end of an hour well marked changes were found (Dogs 58 and
32, Table I). At the site of injection, the posterior lower edge of the right
lower lobe, there was a small roughly circular slightly hemorrhagic area,
1.5 to 2.5 cm. in diameter. This area was firmer than the surrounding
lung tissue, and extended from the posterior to the inferior surface. The
cut surface showed a mottled appearance, somewhat darker than normal
lung tissue, and was dry. The area of involvement probably corresponds
quite closely to the original distribution of the injected material, since an
x-ray of a normal lung into which 1 cc. of lipiodol had been injected into
the same place showed a shadow of approximately analogous size. X-ray
of the lesion is shown in Figure 1.

Microscopically, there was seen under low magnification an area of
infiltration 3 to 4 mm. in diameter with other smaller areas covering a
zone 1 cm. across.! The infiltration, chiefly intra-alveolar in character,
was most marked in the immediate vicinity of the main bronchus and its
branches. It was rather irregular in distribution and consisted of starch,
blood cells and edema fluid. In the center of this area the exudate was

1 The marked shrinkage which the tissues undergo in the process of em-
bedding in paraffin would account for the difference between the fresh lesion
and the microscopic slide.
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470 EXPERIMENTAL PNEUMONIA: PATHOGENESIS

almost entirely cellular, made up chiefly of red blood cells; but in certain
places polymorphonuclear leukocytes were numerous, and in some alveoli
equal to the red blood cells in number. Hemorrhages obliterating the
structure of a number of alveoli were common. Surrounding this central
area was a zone of alveoli filled in some places with edema fluid, in others
with starch. Large pigment-bearing cells were present here and there in
the alveoli—not more than one to several alveoli. Starch was seen in

!‘
/
/

Fi1c. 1. Do 58. X-ravy or Excisep LunNgs REMovED 1 HOUR AFTER
INjECTION OF 0.5 cc. PNEUMococcus TypE I CULTURE

Shows shadow of beginning lesion.

the lumen of several bronchi. The alveoli of the uninvolved tissue ap-
peared to be normal.

The most striking change in the blood vessels of the lesion was the
frequent extensive perivascular edema, and in Dog 58, perivascular hem-
orrhage, of the larger veins and arteries. Moderate engorgement of the
capillaries and small blood vessels was present in the areas of exudation.
In those areas where the alveoli contained only starch, no capillary
dilatation was evident. The epithelium of the bronchi showed signs of
injury. In the lumina of several bronchi there occurred varying amounts
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of cellular exudate consisting chiefly of red blood cells, but with some
polymorphonuclear leukocytes intermixed. The peribronchial tissue of
several bronchi was infiltrated with polymorphonuclear leukocytes.

Fig. 2. Doc 32D. KiLLep 1 Hour AFTER INJECTION OF 0.25 cc.
PnEuMococcus TypE I CULTURE

Numerous pneumococci are seen in the starch-filled alveolus. X 1200.

Pneumococci were abundant all through the lesion—lying in the
starch, edema and cellular exudate. Figure 2 shows pneumococci in a
starch filled alveolus. In the normal lung, extending some distance from
the involved area, pneumococci were observed to be in the alveolar walls.
In places they were found singly or in chains of 2 to 3 pairs (Fig. 3). In
other areas they were present in small clumps apparently growing within
a small vessel at the junction of several alveoli—probably the atrial wall.
Many of the alveoli were filled with edema fluid but contained no pneu-
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mococci.2  Phagocytosis by the polymorphonuclear leukocytes was not
observed, and only a very occasional pneumococcus was detected within
the macrophages.

Fic. 3. Doc 32D. WITHIN AN HOUR AFTER THEIR IMPLANTATION PNEU-
MOCOCCI ARE SEEN IN THE WALLS OF APPARENTLY NORMAL ALVEOLI SOME
DISTANCE AWAY FROM THE LEsioN. X 1200.

Fibrin was seen in some parts of the cellular exudate. This consisted,
for the most part, of fine strands irregularly placed, but in an occasional
alveolus there was the typical basket-like arrangement seen in the human
lesion, and also fibrin extending from one alveolus to another through the
so-called alveolar pores. Small amounts were present in some parts of
the pleura.

Three hour lesion

Dogs killed three hours after injection (Table I) showed much the
same macroscopic appearance but the lesion was a little larger in extent,
3 to 3.5 cm. in diameter, and firmer to the touch. Surrounding the lesion
in one dog (4B) the surface of the lung was slightly depressed, perhaps

2 One cannot, of course, conclude from this observation that pneumococci
were absent from the alveolus.
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0.5 mm., in a zone 1 cm. wide. In a second dog this appearance was
lacking, but the anterior posterior diameter of the lesion was a little
smaller than that of the adjacent lung tissue.

Microscopically, the areas of infiltration were somewhat more wide-
spread than shown after 1 hour, but similar in distribution (Fig. 4).

Fic. 4. DoG 59. KiLLEp 3 Hours AFTER INJECTION OF 0.25 cc.
PxeEuMococcus TypPE I CULTURE

Shows distribution of initial lesion, part of which is peribronchial. X 4.

Other changes were an increasing engorgement of the blood vessels, large
and small. In Dog 59 there was marked dilatation of the pleural vessels
where numerous subpleural hemorrhages were seen. This appearance
was present not only over the infiltrated areas but extended for some dis-
tance over apparently normal lung tissue. Dog 47B did not show this

picture. Blood vessels in the infiltrated areas contained a large per cent
27
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of polymorphonuclear leukocytes. Perivascular edema was present, and
in places marked, but the massive perivascular hemorrhage seen after 1
hour was not present here in either of the dogs. Some of the larger
bronchi showed pronounced peribronchial edema. The alveolar exudate
in the central zone contained many more polymorphonuclear cells than
at 1 hour and the bronchial exudate was made up almost entirely of
polymorphonuclear cells. The alveolar walls in the infiltrated areas did
not stand out sharply. However, they appeared to be intact. In many
places they were thicker than normal, showing engorged capillaries, some
edema and cellular infiltration. The surrounding lung tissue of Dog
59 which was normal showed the alveoli in general of about the usual size.
In several small areas, however, they were partially collapsed. In the
depressed zone, seen on the surface of the lung of Dog 47, the alveoli were
of varying sizes, many open, many partly closed and some completely
collapsed.

The distribution of the pneumococci was, in general, the same as
after one hour with the difference that at three hours they were found
in the walls of apparently normal alveoli far from the infiltrated areas.
They began to appear in the alveolar spaces only after the exudation of
edema. A further change was noted. In the areas infiltrated with
polymorphonuclear cells, where the pneumococci were noticeably fewer
in numbers than in the less infiltrated zones, beginning phagocytosis by
the polymorphonuclear leukocytes and pigment-bearing macrophages was
seen.

It is of interest to note that the white blood cells in the peripheral blood
of Dog 47 showed no increase in number until the time of death, nor was
there detectable invasion of the blood stream by pneumococci.

Six hour lesion

Until the six hour period the size of the infecting dose, which varied
from 0.04 cc. to 0.5 cc., appeared to have little effect on the character of
the lesion. At this time, however, a marked difference between the ex-
tent of the lesions initiated by large and small doses was observed. This
consisted principally in much more pronounced zones of edema surround-
ing the primary lesions of the animals receiving the larger quantities of
culture, and was best demonstrated by x-ray of the excised lung. Two
dogs receiving infecting doses of 0.04 and 0.05 cc. showed a shadow only
0.5 to 1 cm. greater in diameter than the consolidated macroscopic lesion
(Fig. 5). On the other hand, the dogs given 0.25 cc. to 0.5 cc. pneumococ-
cus culture showed edema of the major portion or the entire lobe surround-
ing a relatively small area of consolidation (Fig. 6). The gross external
appearance of the central lesion was much the same as that obtained at
three hours but somewhat darker red and more sharply outlined. It was
nodular to the touch but fairly firm. The remainder of the lobe in Dogs
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18A, 11D and 48B felt normal, while the whole lobe of Dog 1A and two-
thirds of the lobe of 46D was boggy. In two of the dogs, 18A and 48B,
there was a zone of slightly depressed surface, about 1 cm. wide, surround-
ing the lesion. In the other two this was absent. On cut section a clear
or slightly sanguineous fluid oozed from the surface which was of a red-
pink, rather finely mottled appearance.

Fic. 5. Doc 48B. X-ray oF Excisep Lu~NGs

Dog killed 6 hours after injection of 0.04 cc. pneumococcus Type I culture.
White circle indicates area of macroscopic consolidation. Shadow surrounding
circle is due to edema.

The microscopical picture, under low magnification, showed a much
more continuous cellular infiltration than did the sections at three hours
(Fig. 7). The oldest parts of the lesion now began to give the character-
istic appearance of lobar pneumonia in man, namely, sharply outlined
alveolar walls, surrounding an exudate composed chiefly of polymor-
phonuclear leukocytes. This was most marked in the dog receiving the
largest dose (Fig. 8). Of much interest is a comparison of sections of a
very early lobar pneumonia, six to twelve hours old,? from a human being,

3 This patient, postoperative from a brain tumor removal, had a sharp
rise in temperature six hours before death. At postmortem a uniform con-
solidation of the right upper lobe was found, from which a Group IV pneumo-
coccus was isolated.
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with the experimental lesion at six hours. The microphotograph of the
human lesion shown in Figure 9 resembles quite closely that of Dog 1A
(Fig. 8). The architecture of the lung in the experimental lesion was, on
the whole, well preserved. Here and there the walls of alveoli were

Fisc. 6. Do 1A, X-rAY or Excisep l.uxes

Dog killed 6 hours after injection of 0.5 cc. pneumococcus Tyvpe I culture.
White semicircle indicates area of macroscopic consolidation. Shadow com-
prising the remainder of the lobe is due to edema. Difference between Dogs 1:\
and 43B in extent of edema appears to be related to size of infecting dose.

ruptured by edema. Scattered through the section were numerous
lacunae. In Dogs 18A and 48B there was partial collapse of the alveoli
in places beyond the zone of edema which was now much wider than was
observed at three hours. The capillaries were everywhere more dilated
- and contained a much larger percentage of polymorphonuclear leukocytes
than was observed previously (Fig. 10). The increased thickness of the
alveolar walls appeared to be due to distention of the blood vessels rather
than to edema or cellular infiltration into their substance, although intersti-
tial infiltration was noticed in places. The exudate consisted of red blood
cells and polymorphonuclear cells. Mononuclear cells, other than lym-
phocytes, formed a very small percentage of the cells. The large pig-
ment-bearing macrophages did not appear in greater numbers than in
the earlier stages. The perivascular edema of the large vessels had in-
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creased in extent, and more fibrin was present, confined largely to the
alveolar spaces and areas of perivascular edema. The bronchial and
peribronchial tissues showed no further change that was significant.

Fi1c. 7. Doc 1A. SEecTiON THROUGH LEsiON IN RIGHT LOWER LOBE
SHOWS INCREASING EXTENT AND EVENNESS OF INFILTRATION AS COMPARED
wITH 3 HOUR LEsioN IN FIGURE 4. X 4.

Pneumococci were present in very small numbers, even in the dog
receiving 0.5 cc. of culture. It was often only after considerable search
that an occasional one was seen within a cell or in the zone of edema.

Twelve hour lesion

At twelve hours the lesions were larger, darker in color, firmer to the
touch and more continuous than those observed at six hours. In the
two instances of pneumococcus Type I infection (Dog 13D and 18D,
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Table I) the greater part of the initially infected lobe was consolidated,
and the disease had spread to adjacent lobes and the hilum of the opposite
side. X-rays of the excised lungs of these animals, not only showed opaci-
ties larger in extent than the macroscopic areas of consolidation, but also

Fic. 8. Doc 1A. HicHER Power VIEwW oF FIGURE 7 SHOWING
STRUCTURE OF LEsION

Note general resemblance to histology of early human lesion shown in
Figure 9. X 85.

revealed infiltration in lobes which appeared normal to the eye, indicating
the widespread distribution of edema at this stage. The third dog, 13A,
infected with pneumococcus Type II, showed a much smaller lesion, con-
fined entirely to one lobe. By this time fine strands of fibrin began to
appear on the pleura over the consolidated areas. On the cut surface the
oldest part of the lesion appeared brownish red, slightly granular and only
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moderately moist. The most recently involved areas were very moist.
The lymph gland at the hilum of the affected lobe was swollen and edema-
tous. Microscopically, the lesion was seen to be more nearly continuous
than at six hours. Many fields under low magnification showed no
lacunae. The perivascular edema was still pronounced, and the peri-

Fic. 9. HumaN LoBAR PNEUMONIA

Patient died within 6 to 12 hours of onset. Distribution of exudate is
irregular. Lacunae numerous. X 110.



480 EXPERIMENTAL PNEUMONIA: PATHOGENESIS

bronchial edema greater than before, and in places hemorrhagic. Fibrin
was more abundant in the alveoli. Infiltration of the pleura with poly-
morphonuclear leukocytes, red blood cells and fibrin was seen.

The distribution of pneumococci in the different parts of the lesion was
seen very clearly at this stage. Pneumococci were much more abundant,

FiG. 10. DoG 48B. KiLLED 6 Hours AFTER INJEcTION OF 0.04 cc.
PxEumococcus TypE I CULTURE

Section through advancing margin of lesion shows thickening of intra-
alveolar septa due chiefly to distention of capillaries carrying large numbers
of polymorphonuclear leukocytes. X 230.

in certain zones of the lesion, than at the six hour period. Beyond the
zone of edema pneumococci were seen in the walls of apparently normal
alveoli, but not in as large numbers as was observed at three hours.
Around the periphery of the consolidated area, lying within the edema
filled alveoli, pneumococci were present in great numbers (Fig. 11).
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Here and there pneumococci were seen in the alveolar wall. Some of the
alveoli appeared to contain very few or none. Proceeding from this zone
toward the main lesion, polymorphonuclear leukocytes and red blood cells
began to appear in the lumina. The pneumococci were still abundant and
-lay, for the most part, free in the edema fluid, but here and there one or

Fic. 11. Doc 13D. KiLLeEDp 12 Hours AFTER INJECTION oF 0.25 cc.
PxEuMococcus TypE I CULTURE

Section through advancing margin of lesion showing large numbers of
pneumococci in edema-filled alveoli. Some appear to lie in the alveolar walls.
X 700.

two were seen within the leukocytes (Fig. 12). Nearer the area of intense
cellular infiltration the pneumococci were fewer in number, more and more
were within the leukocytes, and in the oldest part of the lesion the micro-
organisms were relatively rare and practically entirely intracellular (Fig.
13). The frequent presence of poorly stained pneumococci inside the
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leukocytes in this area would indicate the occurrence of intracellular
digestion. No particular differences were noted at this time between
dogs receiving larger and smaller infecting doses.

In two of the animals in which detailed observations were made on the
blood, the number of white blood cells had changed very little by the end

Fic. 12. Doc 13D. SECTION THROUGH AREA OF BEGINNING CELLULAR
INFILTRATION UNDERLYING EDEMA ZONE

Pneumococci are numerous and for most part lying free in edema, but a
few have been engulfed by the polymorphonuclear leukocytes. X 1240.

of twelve hours. Pneumococci were present in the blood of both dogs,
13D and 18D (Table I).

Twenty-four hour lesion

After twenty-four hours the lesion had usually occupied one entire
lobe, and sometimes had spread to other lobes. The more extensive in-
volvement was likely to be found in animals receiving larger infecting
doses. In four of the seven dogs killed after twenty-four hours (Table I),
the affected lobe was evenly consolidated, firm, of liverlike consistency and
airless. The cut surface showed a quite uniform brownish color, was
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moderately moist and somewhat granular. From the larger bronchi
there oozed a serous fluid. Three of the dogs showed a consolidation of
one or more lobes which was distinctly less smooth and firm in character
than the others. One of these dogs (2A) was infected with a fatal dose.
Another (31B) suffered from an unusually marked morphine depression,
and the third (19C) was an old animal. Fine threads of fibrin were seen

Fi1c. 13. Doc 13D. SectioN THROUGH CENTRAL PART OF LESION SHOW-
ING INTENSE INTRA-ALVEOLAR EXUDATE ConsisTiNG CHIEFLY OF PoLy-
MORPHONUCLEAR LEUKOCYTES.

Pneumococci few in number and almost entirely intra-cellular. X 1240.

spreading over the surface of the consolidated lung in all instances. The
pleural cavities were dry. Frequently the margin of the advancing
consolidation was very sharp. Figure 14 shows the lesion at twenty-four
hours in a lung which has been perfused with salt solution to bring out
the contrast between the involved and uninvolved portion of the lobe.
A small patch of early consolidation is seen in the mid portion of the left
upper lobe. When infection was initiated in the right lower lobe there
was almost always a small area of air-containing tissue 1 to 2 cm. in
diameter at the upper posterior tip of the lobe.
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Definite histological differences between the evenly consolidated and
the unevenly or irregularly infiltrated lungs were observed. A section
taken through the length of a firmly consolidated lung showed a practi-
cally continuous inflammatory exudate (Fig. 15). The lacunae, seen in
the earlier sections, were no longer present, except toward the spreading

1. 14. Doc 6A. KILLED 24 HoURrs AFTER INJECTION or 0.5 ccC.
PxeEvmococcus TyrE I CULTURE

Lungs perfused lobe by lobe with salt solution. Note sharp margin of
consolidated portion of right lower lobe and beginning lesion in center of left
upper lobe.

edge. The alveoli were evenly filled and frequently distended with cells.
Here and there, perhaps on every two or three low power fields, were
seen small groups of alveoli containing edema with few or no cells (Fig. 16).
The alveolar walls were well marked but the capillaries less dilated than
at twelve hours. In several small areas, chiefly at the periphery of the
oldest part of the lesion (Dog 41B) just under the pleura, the characteris-
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tic macrophagic reaction, observed in beginning resolution, was present.
The microscopical picture of the lungs of the three animals, showing more
extensive and less even consolidation, lacked the uniform appearance of
the firmly consolidated process. Groups of alveoli containing cellular

Fic. 15. Doc 41B. KiLLeEp 24 Hours AFTER INJECTION oF 0.04 cc.
PxeEumococcus TypE I CULTURE

Section through large portion of right lower lobe. Note continuous and
even character of infiltration. X 4.

exudate alternated with edema-filled alveoli. Numerous lacunae were
seen. Red blood cells formed a large part of the cellular exudate. The
architecture was well preserved except in some areas of edema. No
evidence of a macrophagic reaction was observed. This lesion had the
character of a coalescing lobular pneumonia.
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The distribution of pneumococci was likewise very different in these
two types of lesions. In the lungs showing the intense consolidation of
lobar pneumonia, marked variations in the numbers of pneumococci
present in the different parts of the lesion were noted, as described in the
twelve hour lesion. In the oldest parts of the lesion, and especially in the

Fi1G. 16. Doc 41B. HicaEr Powgr VIEW or FIGURE 13
SHOWING STRUCTURE

Sharply defined alveolar markings give mosaic-like appearance charac-
teristic of human lesion. X 230.

areas of beginning macrophagic reaction, microorganisms were even fewer
than they were at twelve hours. On the other hand in the coalescing
lobular pneumonic lesions, pneumococci were seen in great numbers all
through the inflammatory process, fewest in the areas of polynuclear
leukocytic exudate, but occurring both extracellularly and intracellularly.
In some areas they were present in masses.
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Réle played by starch

With a view to determining what part starch might play in creating
conditions favorable for the inception of the disease, a number of dogs
were injected with 1 cc. of sterile starch. Some of these animals were
killed at intervals of from one hour to forty-eight hours; others were kept
under observation to determine fluctuations in temperature and white
blood cell counts and for evidence of lung opacities by x-ray. Smears and
cultures of the lesion were made to exclude bacterial contamination.

In the one hour lesion very little reaction was observed. The only
definite evidence of irritation was slight occasional perivascular and peri-
bronchial edema. The alveoli filled with starch were free from cells.
By the end of six hours a well marked inflammatory lesion had occurred,
similar in many respects to the six hour lesion produced by the smaller
doses of pneumococci. It differed from the pneumococcus lesion, how-
ever, in several respects. First, the intra-alveolar cellular exudate was
much more hemorrhagic in character, the lung architecture was not as
well marked, and the zone of edema surrounding the well infiltrated area
was narrower. The other changes, such as perivascular and peribronchial
edema, polymorphonuclear leukocytic exudation, deposition of fibrin,
etc., were all found, though they were less marked.

The lesion caused by starch did not show progressive growth in size,
since animals sacrificed at 20 and 48 hours respectively revealed small
liver-colored nodules 1 to 2 cm. in diameter at the site of injection, sur-
rounded by normal lung tissue. At the end of 20 hours a well marked
macrophagic reaction was evident and the alveoli were clearing.

The foregoing findings indicate that starch of itself will produce a
localized inflammation of the lung, which, however, does not spread and
which does not produce a detectable constitutional reaction.

Part played by atelectasis

On account of the prominent rdle recently assigned by Coryllos and
Birnbaum (3), Henderson et al. (4) and others, to pulmonary atelectasis
as an etiological factor in the inception of lobar pneumonia, particular
attention has been paid to this matter in the foregoing study. Data for
the determination of the presence of atelectasis were obtained from sev-
eral sources; first, the position of the heart and diaphragmatic shadows in
the x-ray; second, direct observation of the lungs of animals killed or
dying at different times during the disease; third, microscopical examina-
tion of the lung tissue.

A study of the x-rays, as described in Paper I of this series (2) showed
a displacement of the heart shadow toward the affected side, or elevation
of the diaphragm, in less than half the experimentally infected dogs. The
degree of displacement of the heart shadow appeared to depend largely on
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the nature and rate of the pulmonary involvement. With a well localized
and slowly spreading lesion there was either no detectable shift or only a
slight one. When the pulmonary process spread rapidly, a marked dis-
placement of the heart shadow to the affected side occurred. Resolution
was also accompanied by a movement of the heart to that side. The
reason for the displacement of the heart in these instances was apparent
at autopsy, since the irregularly consolidated or resolving lung was smaller
than normal. The uniformly consolidated lung, however, was of ap-
proximately the same size, or only a trifle smaller, than the normally
inflated one. The slight displacement of the heart and diaphragm, seen
under these conditions, can be accounted for by fixation in the size of the
lung due to lack of aeration, and the increased elastic tension which Van
Allen and Wu (5) demonstrated as occurring in the experimental pneu-
monic lung.

In dogs killed three to six hours after the infecting dose, definite evi-
dence of partial alveolar collapse, in the form of a narrow zone of depressed
surface surrounding the initially infiltrated area, was occasionally found.
Microscopic examination of this part of the lung showed partially or
completely collapsed alveoli. Dissection of the bronchi, leading to these
areas, failed to reveal obstruction of their lumina. In the twelve hour
lesion this appearance was not observed. At this time the alveoli at and
beyond the margin of the spreading process were open, containing air or
edema fluid. Later lesions either primary or secondary showed the same
picture. Mucous plugs were found only fairly late in the disease in the
bronchi of lobes showing gray hepatization or resolution.

DISCUSSION

The foregoing description of the series of changes observed during the
development of the characteristic lesion of experimental lobar pneumonia
in the dog provides a basis for certain assumptions concerning the mecha-
nism of the initiation and propagation of this pathological process. Judg-
ing by the experiences of others, and our own, it would seem that implant-
ation of the pneumococci within the alveoli is, if not essential, at least
very important for the inception of pneumococcus infection in the lung
of the dog. It is well known that foreign material is rapidly expelled
from the normal lung as long as it is external to the ductus alveolaris.
Once it passes through the bottle-neck of the ductus into the sacculus,
elimination is much slower. The usefulness of starch versus a less viscus
fluid is apparent in this regard. The starch-broth medium serves another
purpose, namely that of providing a highly favorable environment for
the multiplication of the implanted pneumococci. Immediately follow-
ing the introduction of the pneumococcus-starch suspension into a
terminal bronchus, and the surrounding primary anatomical units,* a

4+ The anatomical classification of Wm. Snow Miller (6) is used in this
study.
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series of reactions indicative of local injury occur. These consist of local
engorgement of the blood vessels, capillary hemorrhage into the alveoli,
with destruction of the architecture in places, exudation of fluid both
into the alveolar spaces and the perivascular and peribronchial tissues and
the mobilization of polymorphonuclear leukocytes. What part the
presence of growing pneumococci play in the production of these early
pathological changes is not clear since starch alone will cause the same
type of reaction, though less extensive, and it may well be that the pre-
liminary local injury to the pulmonary tissue is an important factor in the
initiation of the pneumococcus lesion.

The lesion spreads in a fairly regular manner. Around its periphery
is a zone of alveoli filled with fluid. After a certain period polymorpho-
nuclear leukocytes and red blood cells begin to appear in the exuded fluid
and the cellular exudation proceeds until the alveoli are filled with cells
and evenly distended. The edema does not become marked until the
six hour period, at which time the spread of the lesion becomes acceler-
ated. This picture of the mode of extension of the process in the dog
appears to be identical with that described by Loeschcke (7) as occurring
in lobar pneumonia in man.® The early experimental lesion is of lobular
distribution and may be termed a bronchopneumonia, since it is initiated
in the lung tissue surrounding the terminal bronchi into which the pneu-
mococci are injected. However, as the lesion grows this relationship to
the bronchi no longer maintains. Lobules or contiguous groups of lobules
become involved, and in the lesions produced by the usual non-lethal dose,
the lobular picture disappears rapidly as the exudate becomes widespread
and assumes a cellular character. On the other hand, following large
fatal doses, and also in animals where depression from the preliminary
morphine injection is prolonged, the lobular type of lesion may persist.
The histological picture of early lobar pneumonia in man cited above,
gives one much the same impression of a lobular distribution of the cellular
exudate, but when compared with the early lesions in dogs, shows a greater
area of the lobe in more or less the same stage of consolidation. Study of
secondary foci in other lobes of the dog’s lung shows that they progress
through the same sequences of changes as described above.

Within a relatively brief period (one hour) after the implantation of
the pneumococci, the organisms are observed to be migrating in all
directions away from their primary locus. The route appears to be prin-

5 The primary edema reaction to pneumococcus infection has been observed
also by Permar (8) in experimental pneumonias of the lungs of rabbits and
more recently by Rhoads and Goodner (9) in dermal pneumococcus infection of
the rabbit. These last authors found that a marked edema of the tissues
preceded cellular exudation and concluded that the spread of the edema fluid
was the principal agent in the dispersion of the pneumococci through the
tissues.

28
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cipally by way of the lymphatics and capillaries.® At first the presence
of pneumococci in the parenchyma does not seem to cause much disturb-
ance. After a few hours, however, the alveolar septa become thickened,
due, for the most part, to engorgement of the capillaries, but also, to a
certain extent, to edema and cellular exudation. Blake and Cecil (10)
observed this early migration of pneumococci through the interstitial
tissues of monkeys with experimental lobar pneumonia, but in contrast to
the picture in the dog, they found marked and widespread inflammation
of the parenchyma of the lung in the invaded zone.

The manner in which the pneumococci are transported, after the first
few hours, is not clear. At twelve hours great numbers of microorganisms
are visible in the alveoli filled with fluid, but relatively few appear to be in
the alveolar walls. It seems not impossible that they may be carried
into adjacent lobules also in the edema fluid, by way of the smaller air
passages. The fact that pneumococci were so infrequently seen in the
six hour lesion, at which time the zone of edema became much greater,
suggests that they are dispersed in this way.” However, there still re-
mains the question as to the cause of exudation of fluid into the alveolar
spaces. Does it depend on the presence of pneumococci in the alveolar
walls causing irritation and dilation of the lymphatics and capillaries, or
is this effect produced by toxic products of the pneumococcus? The
"observation that sterile starch will cause this same picture in the neigh-
borhood of the injected mass indicates the possibility of endothelial injury
occurring at some distance from the growing pneumococci. According
to Loeschcke (7) much of the spread of edema in the early lesion of lobar
pneumonia in man is by way of the small air passages, and also through
the interalveolar pores of Kohn.

The picture of the distribution of pneumococci in the twelve hour
lesion as shown in Figures 11, 12 and 13 suggests an explanation of the
very puzzling question as to how pneumococci can propagate in the lung
of an animal whose blood possesses marked pneumococcidal properties.
Previous studies have demonstrated that the power of the blood to kill
pneumococci depends on opsonization, phagocytosis and intracellular
digestion (11).8 Furthermore, the opsonic effect is dependent on a
quantitative relationship between the concentration of opsonins in the

6 The inference that pneumococci are spread by way of the capillaries may
be questioned as lacking adequate evidence. It is only because pneumococci
are seen in the alveolar walls, which according to Wm. S. Miller (6) do not
contain lymphatics, that this assumption is made. The authors know of no
way of distinguishing lymphatics from partially collapsed capillaries.

7 Loeschcke (7) believes that this is the chief method by which pneumococci
are spread in the human lesion.

8 The blood serum of the dog as well as that of other animals has no growth-
inhibiting effect but on the contrary provides an excellent medium for the
multiplication of pneumococci.
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serum and the number of pneumococci present. Increasing the number
of pneumococci beyond a certain optimum ratio of microorganisms to
serum, results in a diminution or disappearance of the opsonic effect. The
number of pneumococci observed in some alveoli in Figure 11 would ap-
pear to be much in excess of that found to be appropriate for demonstrat-
ing the optimum opsonic effect of dog’s serum in vitro. A certain interval
of time is also necessary for the full action of the serum. During this
period the pneumococci in the edema (opsonizing fluid) are increasing in
numbers. A second time factor is introduced by the interval required
for the arrival of leukocytes in the alveolar spaces. It seems likely, both
from a theoretical viewpoint and from the picture shown in Figure 12 that
the first leukocytes to arrive do not find all the pneumococci adequately
prepared for phagocytosis since engulfment is not very active at this
stage. Later when the polymorphonuclear leukocytes have arrived in
large numbers, with presumably more opsonizing fluid, the pneumococci
are found almost entirely within the phagocyting cells (Fig. 13). Mean-
while this cycle is being repeated at the periphery of the lesion. Whether
the much diminished number of pneumococci, observed in the intensely
consolidated area, is due entirely to phagocytosis and intracellular diges-
tion we do not know.

The constant presence of pneumococci in the vessels of the paren-
chyma, observed early in the evolution of the lesion of experimental
lobar pneumonia, would account for the frequent finding of bacteremia at
the beginning of the disease. Considering the degree of intravascular
invasion it is surprising that pneumococci were not recovered from the
blood stream in every instance. In a series of observations on dogs, in-
fected with small doses of pneumococci and allowed to survive (not in-
cluded in Table I), blood cultures, taken at short intervals during the
first few hours of the disease, were mostly negative. However, a dog
showing an early positive culture might show successive negative cultures
or vice versa. The number of bacteria recovered was usually 1 to 5 per
cc. of blood. These findings together with the histological picture would
suggest that there is probably a constant escape of pneumococci from the
lungs in the early phases of the disease, and that the irregularity with
which they are detected by blood culture is due to their effective removal
by the phagocytic cells of the reticulo-endothelial system in the regional
lymph nodes, liver, spleen, etc.

SUMMARY

In order to study the evolution of the lesion of experimental pneu-
mococcus lobar pneumonia in the dog, a series of animals were killed at
intervals of one to twenty-four hours following the initiation of the infec-
tion. Within one hour after implanting pneumococci suspended in a
starch broth medium into a terminal bronchus, a definite local inflam-
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matory reaction had occurred. This consisted of a central area of cellular
infiltration, hemorrhagic and exudative in character, surrounded by a
zone of alveoli filled with edema fluid in some parts, and starch in others,
and accompanied by engorgement of the blood vessels, the larger of
which showed perivascular edema. With the lapse of time the lesion
showed progressive growth, extending radially from the initial focus.
This process was characterized by an advancing zone of edema-filled al-
veoli which in turn were gradually invaded by polymorphonuclear leuko-
cytes and red blood cells until they were filled and distended by the exuded
cells. Inflammation of the interalveolar septa was an inconspicuous
feature although peribronchial and perivascular edema was marked.
The pathological lesion was at first definitely lobular or circumbronchial
in distribution but after a few hours lost its association with the bronchi
and became a continuous area principally of intra-alveolar cellular exu-
date. By the end of six to twelve hours the oldest portion of the lesion
began to suggest the mosaic appearance of the human lung in lobar pneu-
monia. Within twenty-four hours, usually, a whole lobe was consoli-
dated and, at times, spreads to other lobes had occurred.

Dispersion of the pneumococci within the first few hours appeared to
take place principally through the lung parenchyma since these bacteria
were observed in considerable numbers in the walls of alveoli which
appeared normal and lay beyond the margin of the zone of edema. Later
in the process the character of their distribution suggested that the pneu-
mococci were also carried by the edema fluid through the smaller air
passages. Marked regional differences in the distribution of the micro-
organisms were observed. At the periphery of the lesion the pneumococci
were present in great numbers lying free in the edema-filled alveoli. In
the immediate underlying zone of cellular exudate they were fewer in
number, and lay partly within the polymorphonuclear leukocytes, while
in the oldest part of the lesion, showing intense cellular infiltration,
relatively few pneumococci were seen, and these were practically entirely
intracellular. On the basis of these observations certain inferences were
drawn concerning the propagation of pneumococcus infection in the lung
of the dog.
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