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Studies with the Light Microscope
and Electron Microscope of Lung Macrophages

in Rabbits Inoculated with an Attenuated Strain of
Mycobacterium microti*

L. gULA 1 & V. KONRADOVA 2

One of the main difficulties in trying to standardize BCG vaccine or to develop a new
antituberculosis vaccine with no allergenic properties is the lack of a suitable protection
test. The virulence of the challenge strain, the dosage, and the period of observation of
the animals are factors that complicate the standardization and reproducibility of any
protection test involving animals. On the other handan ultramorphological test based on the
macrophages obtainedfrom immunized animals would eliminate many ofthe variablefactors.

With this in mind, pulmonary macrophages of rabbits immunized with attenuated
"MP " strain of Mycobacterium microti were examined in ultrathin sections prepared
from lung specimens taken from rabbits under general anaesthesia. In comparison with
normal rabbits, increased numbers of immune macrophages were found and they contained
larger numbers of lysosomal bodies, mitochondria, and Golgi bodies. Quantitative assess-
ment of these differences in ultrastructure by the application of gradient centrifugation
may lead to the elaboration ofa simpler test for assaying the protective values of antituber-
culosis vaccines.

It is generally accepted that mycobacteria are
highly organized micro-organisms which, after im-
plantation in a susceptible host, are first engulfed by
the neutrophile granulocytes. These cells, although
able to destroy many different pathogenic microbes,
do not possess the necessary enzymes to digest the sur-
face and endoplasmic materials of virulent acid-fast
micro-organisms. This may be because mycobac-
teria contain unusually large amounts of lipids,
as much as 30-40% of the total bacterial mass,
in comparison with other microbes that have only
3-5% of fatty substances in their protoplasm.

In contrast to the inability of neutrophiles to
destroy virulent mycobacteria, the mononuclear cells
of the blood, the tissue macrophages or other cells
derived from the reticulo-endothelial system of the
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infected host, possess a range of different enzymes
including the acid hydrolases in the lysosomes, and
are responsible for destroying the mycobacteria.
Thus the outcome of virulent mycobacterial infec-
tion in a susceptible host depends on a natural or
acquired capacity of these cells to destroy the
mycobacteria.
The basic characteristics of immunity to tuber-

culosis described by Mackaness (1954) and Suter
(1955) are well known and have been summarized
by Lurie (1964) and by Youmans & Youmans (1969),
but the enzymatic activities of the macrophages and
the details of the processes by which the mycobacteria
are actually destroyed are not yet well understood.

Studies of the microscopical and ultramicroscop-
ical morphological patterns of normal and immuno-
logically competent macrophages could thus perhaps
contribute to the problem of immunity to tuber-
culosis. Such studies have been undertaken in rab-
bits inoculated with the attenuated strain " MP "
(Murinus-Prague) of Mycobacterium microti, pre-
served for many years in a simple liquid medium.
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MATERIALS AND METHODS

White male rabbits of the Vienna strain, weighing
3-3.5 kg, were supplied by the " Zverex " State
Farm. At first, the technique described by Myrvick
(1961) was used to obtain normal pulmonary macro-

phages.
The rabbits were killed by bleeding and their lungs

were removed and filled with Tyrode solution. The
lavage contents thus obtained were pooled and centri-
fuged. The deposit was suspended in Tyrode solu-
tion and Giemsa-stained smears were prepared for
microscopical differentiation of the cells. At the
same time some of the cells were fixed with 0s0j and
glutaraldehyde for electron microscopy.
The same technique was applied for rabbits inocu-

lated with the attenuated " MP" strain of Myco.
microti derived from virulent strain " OV 166 "
originally isolated by Wells (1946) during an epi-
demic disease in bank voles in Scotland in 1937.
This strain has been maintained since 1950 in deep
cultures on a simple synthetic medium of the follow-
ing composition:

K2HPO4.
MgSO4.
Asparagine.
Glycerol.
Distilled water to

1.5 g
0.1 g
1.5 g
5.0 ml

1000 ml

In this medium the virulence for rabbits has been
standardized so that a dose of 5 mg/kg (semi-dry
weight), prepared from a 6-week-old culture and
inoculated intravenously, produces, during 4 weeks
after the inoculation, miliary tubercles in the lungs
of rabbits without any fatal effects. After 3-6 months
all tubercles are resorbed leaving only microscopi-
cally visible fibrotic scars and enlargement of the
pulmonary interstitial tissue. The tuberculin reac-

tion with 20 TU of PPD remains positive for up

to 1 year.

Electron microscope studies of the cells from the
bronchial lavage obtained by Myrvick's technique
soon showed that this technique was not suitable
for studying the ultrastructure ofnormal and immune
macrophages, because of profound degenerative
changes that occurred even if they were fixed soon

after bronchial lavage.
Subsequently, pulmonary macrophages were stu-

died in small pieces of pulmonary tissue excised
from rabbits under general anaesthesia. Thiopental
sodium was given intravenously in a dose of 20 mg
per kg of body-weight. The chest was opened and
small pieces of lung tissue were excised and immedi-

ately submerged in a previously prepared drop of a
solution of osmium tetraoxide (OsO4) in a barbital-
acetate buffer (pH 7.4). After a few seconds the tis-
sue was divided into fragments and transferred into
fresh 2% Os04 solution (pH 7.4) and fixed for
2 hours at 4°C. The specimens were dehydrated with
25 %, 50%, 75% and 90% acetone with a 2% aqueous
solution of uranyl acetate added. The addition of
uranyl acetate prevented the specimens from becom-
ing denatured'during dehydration and prevented the
formation of polymerization artefacts during the
embedding process. Before embedding, the speci-
mens were passed through 90% acetone without
uranyl acetate and then 4 changes of anhydrous
acetone. The tissue was then transferred into Vesto-
pal diluted with acetone and then into pure Vestopal.
Polymerization was carried out at 60°C for 48 hours.
The LKB Ultrathom was used to prepare ultrathin
sections. Electron micrographs were then taken on
a Tesla BS 242 'electron microscope and the details
on the Tesla microscope BS 413 A. The electron
microphotographs were taken at magnifications of
2 300-35 000 and were enlarged photographically up
to 70 000 times.

RESULTS

With immunized rabbits, using bronchial lavage
of exsanguinated animals, we obtained many macro-
phage cells after centrifugation. With normal rab-
bits the yield of pulmonary cells was very poor,
indicating that few mobile cells were present in the
lungs. In preparations from both immunized and
normal animals we observed many large cells with
well developed nuclei surrounded by cytoplasm
containing fine neutrophile granules and small vacu-
oles. We consider these cells to be pulmonary
macrophages. In some of them, from immune
animals, well-developed phagosomes, which occu-
pied almost the whole cytoplasm, were observed
with the nucleus displaced to the edge of the cell
(Fig. 1); the phagosomes contained acid-fast rods
and granules indicating that phagocytosis and de-
struction of the MP strain of mycobacteria was still
going on 1 month after inoculation (Fig. 1). Most
of the mycobacteria had already been destroyed
either in the alveolar macrophages (Fig. 2) or in
the fully developed miliary tubercles mainly com-
posed of mature epitheloid cells, developed from
the macrophages that had been modified in their
microscopical structure by mycobacterial antigens
liberated after digestion of the MP strain.
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FIG. 1

PULMONARY MACROPHAGES, WITH PHAGOCYTIZED AND PARTLY DESTROYED
MYCOBACTERIA, OBTAINED BY BRONCHIAL LAVAGE FROM A RABBIT4JNOCULATED

ONE MONTH EARLIER WITH THE "MP" STRAIN OF MYCOBACTERIUM MAt2ROTI (x 750)
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FIG. 2
FRAGMENTS OF MYCOBACTERIA IN THE ALVEOLES OF THE SAME RABBIT AS IN FIG. I (x 750)
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FIG. 3

IMMUNE PULMONARY MACROPHAGE, WITH MANY LYSOSOMES IN ITS CYTOPLASM,
AS A FREE CELL IN THE ALVEOLUS (x 6 500)

FIG. 4
PART OF THE CYTOPLASM OF AN IMMUNE MACROPHAGE SHOWING A LARGE NUMBER OF

GRANULES WITH DIFFERENT INTERNAL STRUCTURES (x 13500)



FIG. 5
THE CYTOPLASM OF AN IMMUNE MACROPHAGE SHOWING A GRANULE FILLED WITH ELECTRON-DENSE MATERIAL

ARRANGED IN CONCENTRIC LAYERS AND OTHERS CONTAINING REMNANTS OF MYCOBACTERIA (x 44500)
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THE CYTOPLASM OF
FIG. 6

AN IMMUNE MACROPHAGE SHOWING A GRANULE WITH
A NET-LIKE PATTERN (x 44 500)

FIG. 7
TWO GRANULES IN THE CYTOPLASM OF AN IMMUNE MACROPHAGE: ONE SHOWS ELECTRON-

DENSE MATERIAL ARRANGED IN PARALLEL LAYERS (x70 OOO)



FIG. 8
LARGE VACUOLE SITUATED NEAR THE NUCLEUS OF AN IMMUNE MACROPHAGE WITH A LARGE

AMOUNT OF DARK HOMOGENEOUS MATERIAL (x44 500)

FIG. 9
LARGE STRUCTURE IN THE CYTOPLASM OF AN IMMUNE MACROPHAGE FILLED WITH A

HOMOGENEOUS MASS OF ELECTRON-DENSE MATERIAL WITH SEVERAL
IRREGULAR VACUOLES (x 44500)
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FIG. 10
LARGE DIGESTIVE VACUOLES IN THE CYTOPLASM OF AN IMMUNE MACROPHAGE CONTAINING
REMNANTS OF THE NUCLEUS AND CYTOPLASM OF AN ENGULFED CELL (x 44500)

FIG. 11
LARGE DIGESTIVE VACUOLE IN THE CYTOPLASM OF AN IMMUNE MACROPHAGE CONTAINING

REMNANTS OF THE CYTOPLASM OF AN ENGULFED CELL (x 13500)



FIG. 12
PERINUCLEAR AREA OF AN IMMUNE MACROPHAGE SHOWING A TYPICAL GOLGI APPARATUS,
MITOCHONDRIA, SHORT LENGTHS OF ENDOPLASMIC RETICULUM AND ERGAWTOPLASM

AND A FEW LYSOSOMES (x 44 500)
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FIG. 13
GENERAL APPEARANCE OF A NON-
IMMUNE PULMONARY MACROPHAGE
(x 13500)

FIG. 14
PART OF THE CYTOPLASM OF A NON-
IMMUNE MACROPHAGE CONTAINING
MITOCHONDRIA, FREE RIBOSOMES, A
FEW SHORT LENGTHS OF ENDOPLASMIC
RETICULUM AND ERGASTOPLASM AND
ONE LYSOSOME (x 44500)



ULTRASTRUCTURE OF LUNG MACROPHAGES OF RABBITS, INFECTED WITH MYCO. MICROTI

In electron micrographs of ultrathin sections taken
from the lungs of rabbits immunized with the MP
strain of Myco. microti a large number of alveolar
macrophages were seen. There was one in nearly
every alveolus and sometimes two or three of these
cells were found in close proximity (Fig. 3). In con-
trast macrophages were very difficult to find in
ultrathin sections of normal rabbit pulmonary tissue.
The most striking feature of the macrophages

taken from the immunized rabbits was the enor-
mous number of lysosomes and related particles con-
tained in their cytoplasm. The whole cytoplasm
was filled with mitochondria and granules with dif-
ferent internal structures (Fig. 3, 4). In some cells
the granules were of simple texture with a finely
granulated inner matrix and a typical double mem-
brane. These structures correspond to " primary
lysosomes" where no digestion has yet begun. In
other cells granules with very complicated internal
structures were encountered. The granules con-
tained different amounts of electron-opaque mate-
rial organized in a myelin-like lamellated pattern. This
material represents the remnants of the digestion
that takes place in these granules. The most usual
organization of the material was in concentric layers
(Fig. 5) but in some granules a net-like pattern was
found (Fig. 6) and sometimes the material was
arranged in parallel layers (Fig. 7). Some of the
granules were completely filled with these deposits.
In a few of these granules partly disintegrated myco-
bacteria were found (Fig. 5).

In some macrophages we found one or two larger
structures filled with electron-opaque homogeneous
material. Sometimes these structures looked rather
like empty vacuoles with only a small amount of
very concentrated material inside, and sometimes
irregular vacuoles were formed inside the homo-
geneous mass (Fig. 8), which might attain consider-
able size (Fig. 9).

In some macrophages the large digestive vacuoles
contained remnants of engulfed cells in different
stages of decomposition (Fig. 10, 11).
Among the different granules in the cytoplasm of

the macrophages were interspersed the other usual
organelles-mitochondria, Golgi apparatus, free ribo-
somes, and short profiles of endoplasmic reticulum
or ergastoplasm (Fig. 12). We were not able to
find any significant difference between the number
or structure of these organelles in macrophages from
immunized and non-immunized rabbits. Compari-
son of macrophages taken from normal and immu-
nized animals did show differences, however, in the

number and structure of the lysosomes. The lyso-
somes were not only far less numerous in the
macrophages from the non-immunized rabbits but
usually had a simpler structure (Fig. 13, 14). Some-
times single examples of the complicated structures
occurred in the cytoplasm of the control macro-
phages.

DISCUSSION

As mentioned in the introduction, one of our aims
in this study was to elaborate an objective test for
measuring immunity to tuberculosis. In tests invol-
ving animals (such as guinea-pigs, rabbits, mice, or
rats) that are immunized and then challenged,
complex processes are involved that include, in addi-
tion to the immunizing properties of the vaccines,
many unknown factors, such as the degree of viru-
lence of virulent mycobacteria, the size ofthe infective
dose, the degree of hypersensitivity, variations in
natural resistance to tuberculosis infection, and the
capacity for developing tissue or humoral responses
to the infecting antigen. The dosage of the challenge
of the immunized animals must be chosen very
accurately, as the larger doses, containing many
millions of viable organisms, may overcome well-
developed immunity in experimental animals. On
the other hand small doses may cause trials to be
unduly prolonged when, for example, the protective
effects of the immunizing vaccine are calculated in
the terms of survival of animals. The measurement
of tuberculin allergy in vaccinated animals, a test
that has been used for many years as indirect
evidence of the immunogenicity of different BCG
vaccines, has also proved unreliable (Tolderlund
et al., 1967).
Thus if it were possible to devise an assay of

immunogenicity not involving a challenge of immu-
nized animals, for example a morphological test
based on certain features of the ultrastructure of
macrophages, this would contribute greatly to
tuberculosis immunology and the standardization of
the antituberculosis vaccine.

In humoral immunity the specificity of antibodies
is well known. The humoral immune responses
involve the synthesis of different immunoglobulins,
these being elaborated by the lymphocytes. But
humoral immunity does not play an important role
in tuberculosis; plenty of circulating antibodies may
be present in the blood but be unable to destroy
the mycobacteria. Their destruction actually takes
place in immune macrophages, and this reaction is
the basis of immunity to tuberculosis.
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Very few reports have appeared in the literature
on the ultrastructure of immune macrophages in
tuberculosis. Cohn et al. (1963) found great varia-
tion in the morphological appearance of these cells,
which had numerous intraplasmatic organelles. Simi-
larly Leake & Myrvik (1968) observed in rabbits
inoculated intravenously with killed BCG vaccine in
oil, an accumulation of macrophages in the lungs
containing electron-dense granules in their cytoplasm.
North & Mackaness (1963) studied the ultra-

structure of normal and immune peritoneal macro-
phages in mice immunized with Listeria monocyto-
genes. They reported the most striking features of
immune macrophages to be the presence of very
extensive Golgi apparatus, mostly composed of
vesicles; according to Novikoff (1961) this may
indicate that the lysosomes, which are the most
important ultrastructural elements responsible for
antibacterial immunity in listeriosis, are produced
by the Golgi apparatus.
No other studies have yet been undertaken on the

pulmonary macrophages taken from rabbits inocu-
lated with Myco. microti possessing the same degree
of immunogenicity against tuberculosis as the BCG
strain (Tuberculosis Vaccines Clinical Trials Com-
mittee, Medical Research Council, 1963). This strain
in its " MP " attenuated variant can, after intra-
venous inoculation into rabbits, provoke a consider-
able increase in the number of pulmonary macro-
phages; a large number of lysosomes and related
granules are found in these macrophages in electron
micrographs. Under the light microscope it has
been possible to observe the formation of medium-
sized digestive vacuoles containing, either in the
centre or fixed to the walls of the vacuole, acid-fast

microbes and their digested remnants in the form
of acid-fast granules and debris. Electron micro-
graphs of the ultrastructure of immune macro-
phages show large numbers of all types of organelles
such as the Golgi bodies, mitochondria, lysosomes,
and ergastoplasma. This seems to indicate that the
destruction of mycobacteria in the macrophages
cannot be assigned only to one certain type of ultra-
cytoplasmatic structure, such as the lysosomes, but
that it is a function of the whole macrophage.

In non-immunized rabbits the number of pul-
monary macrophages is comparatively small and
the ultrastructure of the normal macrophages is
poorly developed. The cytoplasm of normal macro-
phages contains some membranes of endoplasmic
reticulum, different cytoplasmic vesicles, Golgi appa-
ratus, a small number of mitochondria, and few
primary lysosomes. Thus all the cytoplasmic orga-
nelles are available in the non-immune macrophages
but not in sufficient quantity to destroy myco-
bacteria. Further study is required to investigate
the ways in which this ultramicroscopical cytoplas-
mic picture can be changed by the application of
antituberculosis vaccines prepared from attenuated
mycobacteria or by inoculating laboratory animals
with atypical saprophytic acid-fast micro-organisms
or with their different antigens that have immunizing
capacity against virulent mycobacteria.
By comparing the ultrastructure of pulmonary

macrophages induced in these different ways and
by the application of gradient ultracentrifugation
for the quantitative estimation of the different intra-
cytoplasmic organelles, it may eventually be possible
to devise an ultramorphological test for immunity
to tuberculosis.
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RIeSUM1t
tTUDE AU MICROSCOPE OPTIQUE ET ELECTRONIQUE DES MACROPHAGES PULMONAIRES

CHEZ DES LAPINS INOCULtS AU MOYEN D'UNE SOUCHE AUTINUtE DE MYCOBACTERIUM MICROTI

Pour dvaluer le pouvoir protecteur des vaccins anti-
tuberculeux, on dispose de differentes methodes bas6es
sur l'observation d'animaux immunises et d'animaux
temoins soumis a une infection d'epreuve par une souche
virulente. Beaucoup de variables relatives aux animaux

de laboratoire - resistance naturelle 'a l'infection, inten-
site des reactions de defense tissulaires et humorales,
survenue concomitante d'affections virales - sont prati-
quement incontr6lables. En outre, d'autres facteurs,
comme la virulence et la dose de la souche d'6preuve, la
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duree de la periode d'observation, etc., interviennent pour
rendre hasardeuse toute comparaison des resultats a
l'echelon international. D'oi l'interet d'un test de pro-
tection objectif et susceptible d'etre normalise, fonde sur
l'etude des macrophages, principal support de l'immunite
antituberculeuse.
On a immunise des lapins en leur injectant par voie

intraveineuse une suspension d'une souche attenuee de
Mycobacterium microti. Apres un mois, des biopsies pul-
monaires pratiquees sous anesthesie generale ont servi a
realiser des coupes ultraminces qui ont ete examinees au
microscope electronique. Des prelevements semblables
ont et effectues chez des lapins temoins.

Les alveoles pulmonaires des lapins vaccines conte-
naient un grand nombre de macrophages, alors que ces
elements cellulaires etaient rares ou absents dans les
coupes de tissu provenant des animaux temoins. Outre
cette difference quantitative, on notait de profondes

diffdrences qualitatives. Le cytoplasme des macrophages
pulmonaires normaux ne contenait que quelques lyso-
somes et formations reticulees, un petit nombre de mito-
chondries et un appareil de Golgi peu developpe. En
revanche, chez les lapins vaccines, les macrophages renfer-
maient une grande quantit6 de lysosomes, de mitochon-
dries et de granules de structure variable ainsi qu'un
appareil de Golgi bien differencie. La presence de
vacuoles digestives de tailles tres diverses contenant des
mycobacteries partiellement desintegrees ou des residus
cellulaires a aussi e observee.
La mesure quantitative du nombre des macrophages

pulmonaires associee 'a l'etude de leur ultrastructure chez
des animaux temoins et des animaux vaccines pourrait
permettre d'evaluer le pouvoir protecteur des vaccins
antituberculeux sans devoir recourir a l'infection
d'epreuve.
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