Introduction

Manganese is widely distributed in nature
and is calculated to constitute about 0.10 %o
of the earth’s crust. It does not naturally
occur in the pure metal form. The oxides
are the most important ore minerals of
manganese, of which pyrolusite, a mineral
form of manganese dioxide (MnOy), is one
of the more common. As a trace element,
manganese is also found in soil, seawater,
and freshwater, and present knowledge
indicates that all plants and animals con-
tain manganese in minute quantities (50).

In industry, manganese is used in the
production of steel as a reagent to reduce
oxygen and sulfur and as an ingredient
in special alloy steel. It is also used as
MnO, in the manufacturing of dry cell
batteries and in the chemical industry
as an oxidizing agent for the production
of potassium permanganate (KMnO,) and
other manganese chemicals (68).

Industrial exposures occur primarily by
inhalation. FExposure to airborne dust

containing manganese may cause a chronic
disorder of the central nervous system

with symptoms similar to Parkinsonism.
The first cases of manganese poisoning
were reported in 1837 by Couper (19) in
Glasgow, who observed the symptoms in
five manganese ore crushers. Since then,
manganese poisoning has been reported by
several authors (17, 52, 53, 55, 56, 69).

Exposure to airborne manganese dust
may also affect the lungs. The pulmonary
effects of manganese are not as well docu-
mented as the neurological effects, and
there are discrepancies concerning the in-
terpretation of the pulmonary toxicity of
manganese,

The aim of the present work was to
investigate the pulmonary toxicity of man-
ganese with special reference to the
mechanisms behind the acute cellular reac~
tions in the lung. As a background, a re-
view of the literature on epidemiologic
and experimental studies is presented. The
methods, measurements, and results of ex-
perimental studies on the effects of acute
MnO, exposure in guinea pigs is then
described, followed by a general discussion
of the methods and results.




General background

PULMONARY EFFECTS AFTER
EXPOSURE TO MANGANESE DIOXIDE

Epidemiologic studies

The first cases of croupous pneumonia in
a manganese mine, where 5 out of 10
workers died within 27 months, were re-
ported in 1913 by Brezina [cited by Elstad
(22)].

Baader (2) considered manganese dust
to be an etiological factor in the devel-
opment of croupous pneumonia. In a
description of a patient with a lethal case
of croupous pneumonia, he associated the
development of the disease with the pa-
tient’s exposure to manganese dust at work
in a factory producing dry cell batteries.
His conclusions were based upon the find-
ings of Brezina (13), Bakradse (4), Schopper
(64), Bubarev (14), Freise (27), his own
studies in Morocco (1), Gallego (28), Vig-
liani (73) and Thiis-Evensen (71), all of
whom described similar symptoms. He
concluded that pneumonia should be re-
garded as an occupational disease among
manganese workers,

Bakradse (4) reported a 31 % mortality
rate among workers suffering from pneu-
monia in a Russian manganese mine dur-
ing the years 1906 to 1912. Several ob-
servations by other authors were sub-
sequently made on an increased rate of
pneumonia and mortality from this dis-
ease among workers in manganese mines.
These studies were summarized by Was-
sermann and Mihail (74).

In respect to exposed workers, Thiis-
Evensen (71) reported that, among work-
ers in a ferromanganese plant, the inci-
dence of croupous pneumonia was 0.012/
1,000 (6/50) during one year. Three of the

cases resulted in death. Bauer (5) found
that, among 104 workers in manganese
mines and dry cell factories observed from

1927 to 1937, there were 14 cases of croup-
ous pneumonia, of which 11 resulted in
death.

Heine (33) found a high incidence of
pneumonia among workers in an alloy
producing factory in Aachen during the
period 1932 to 1941. A statistical evalua-
tion of the industry’s personnel records
showed that the morbidity and mortality
rates of pneumonia were 0.138/1,000 and
0.073/1,000 during the period studied.
These data were based on the mean num-
ber of persons employed per year, which
ranged between 118 and 617 persons. As a
control group Heine used male members
of an insurance society in Leipzig. The
mortality rate of this group during the
same time period was 0.0054/1,000. The
morbidity rates, as well as the number
of persons in the control group, were not
given.

In a further analysis of his material,
the author compared the mortality rates
during two periods, from 1936 to 1938
and from 1939 to 1941. During these times
the number of employees ranged between
441 to 617 and 567 to 570, respectively.
The mortality rates for pneumonia were
0.128/1,000 for the earlier and 0.017/1,000
for the latter period. According to the
author, the low mortality rate during the
1939-t0-1941 period was due to the em-
ployees’ greater care concerning personal
hygiene.

By investigating the incidence of pneu-
monia at certain places within the factory,
the author found no correlation between
high incidence of pneumonia and a high
concentration of manganese in the air in
different areas. He also reported that the
majority of pneumonia cases occurred
during the winter and stated that such
climatological factors as temperature, hu-
midity and draft contributed to the devel-
opment of pneumonia.



Heine concluded finally that factors other
than manganese, such as draft, weath-
er conditions, unemployment and mal-
nutrition, were predisposing factors for
the development of pneumonia.

Using medical records for male em-
ployees in a potassium permanganate fac-
tory, Lloyd Davies (42) made a statistical
analysis of the years 1938 to 1945. During
this time the group varied in number from
40 to 124 persons. The control group for
this study consisted of male members of
an insurance society who were employed
in chemical and pharmaceutical manufac-
turing and retail business during the same
time period. This group varied in size
from 4,645 to 6,751 persons during the
period in question. The incidence of pneu-
monia in the control group during the
years 1938 to 1944 varied from 0.47/1,000
to 1.20/1,000, with an average of 0.73/
1,000. In the exposed group he found an
incidence of lobar pneumonia or bron-
chopneumonia which varied from 15/1,000
to 0.63/1,000 with an average of 26/1,000.
In all cases the diagnosis of pneumonia
was made by the patient’s medical attend-
ant and confirmed by communication with
the doctor, and all cases were diagnosed
as lobar pneumonia or bronchopneumonia.
In two cases it was reported that the pa-
tient’s temperature and general condition
responded more slowly than usual to sul-
fonamides.

Environmental studies in the plant
showed that 41 to 66 % of the dust was
MnO,. A particle size analysis showed that
approximately 80 % of the particles were
less than 0.2 um and nearly all particles
were less than 1 um in size.

Davies concluded that it was difficult to
establish whether the diagnosed cases of
pneumonia were entirely due to the chemi-
cal action of manganese or whether the
action of manganese increased the pos-
sibilities for a secondary infection by the
flora of the nose and mouth. On the basis
of clinical experience and subsequent ani-
mal experiments, he stated that manganese
had a specific action on the whole respi-
ratory tract and that “manganese pneu-
monitis” would be a better term than

“manganese pneumonia.”

Wassermann and Mihail (74) conducted
an epidemiologic study of bronchopneu-
monia during the period 1957 to 1959,
Their subjects were groups of manganese

miners, carbon miners and forest workers,
all working in comparable geographical
areas. Air samples taken at different
places in the manganese mine showed that
the dust consisted of 12 to 30 %0 manganese
and 16 to 35 Y/ silica (SiOg). The con-
centration ranges of the dust were 28 to
840 mg/m3. 'The range of particles less
than 5 wm was 34 to 81 % and 51 to 71 Y%
for manganese and SiO,, respectively. The
diagnoses were based on medical certifi-
cates and general clinical examinations
of the manganese miners., They found
that the incidence of bronchopneumonia
was 0.26/1,000 to 0.38/1,000 for manganese
miners, 0.008/1,000 to 0.036/1,000 for car-
bon miners, and 0.078/1,000 to 0.24/1,000
for forest workers. The author’s conclu-
sion was that the frequency of pneumonia
and bronchopneumonia was increased in
manganese workers as compared to the
two other groups.

Studies by Van Beukering (72) on worlk-
ers in a manganese mine and an iron mine
in the same region in South Africa from
January 1963 to August 1965 showed that
the risk of contracting pneumonia, diag-
nosed by X-ray, was significantly higher
in the manganese mine than in the iron
mine. Of 1,156 iron miners and 3,674
manganese miners, the proportion with
pneumonia was 5.10 and 8.08 %, respec-
tively. The number of deaths among the
manganese miners was 10, in comparison
to 1 death among the iron mine workers.

Rodier (b5) in a study of manganese
poisoning in Moroccan miners, cites Cau-
vin (18) who found a high death rate
caused by pneumonia during the winter
of 1939—1940 in Morocco. A similar inci-
dence of a high death rate from pneu-
monia was not seen until 1947. This find-~
ing led Rodier to suppose that manganese
could not be the only etiological factor
involved. Furthermore, the author re-
ported that approximately 3.7 % of the
workers in the mines developed pneu-
monia or other respiratory diseases (ex-
cluding bronchitis) each year. The aver-
age morbidity was 11 %. However, no
data on controls were reported. He con-
cluded that manganese could “undoubt-
edly be an aggravating element” in the
development of pneumonia.

The clinical signs of manganese pneu-
monia were reported by Rodier (55) and
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later confirmed by Dervillée et al. (20).
They are characterized as:

Acute alveolar inflammation ... ex-
tremely violent character of this condi-
tion which becomes very serious almost
at once, ..., Dyspnea is marked, respira-
tion shallow and gasping. Cough and
expectoration are rare .... A fatal issue
may ensue from heart failure between
the fifth and the tenth days. It may
also occur suddenly in patients regarded
as cured. The usual drugs, in particular
sulphonamides and antibiotics, mostly
are without effect [55].

Because of difficulties in obtaining X-
ray films and necropsies the author con-
cluded that it was difficult to determine
whether manganese pneumonia was a
pulmonary infection aggravated by man-~
ganese or a subacute edema resulting from
a toxic action of manganese.

Pulmonary effects related to manganese
exposure have also been found in the
general environment. A plant producing
alloys of manganese by electrical melting
is situated in Sauda, Norway. During
periods of calm and fog, the valley in which
the town of Sauda is located used to be
covered with a cloud of smoke from the
plant. Elstad (22) used data compiled
from official registers and found that the
incidence in croupous pneumonia mor-
bidity and mortality in the general popu-
lation of Sauda during the years 1924 to
1937 was, respectively, four and eight
times higher than that of the whole coun-
try. Also, the mortality rate of croupous
prneumonia was high; 32.3 % of all deaths
in the district during the period studied
were caused by this disease. For the
whole country the mortality rate from
croupous pneumonia was 3.65 9.

The particular disease noted in Sauda
was described as being sudden in onset,
with high fever and shivers prior to a
cooling of the body. The patient was re-
corded as having stitch and as being cy~
anotic with coughing and red-brown ex-
pectorate. From the first day of sickness
the patient was often in bad physical con-
dition and had a weak, unstable pulse.
The mortality rate was high; death oc-
curred within two to four days. Analysis
of lung tissue from 11 individuals in Sauda
who died of croupous pneumonia showed
a range of 35 to 163 ug of manganese per
100 g of wet tissue (54).

He concluded that these abnormal pneu-
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monia conditions were caused by the ex-
posure to manganese dust found in the
smoke emitted from the plant. The plant
was built in 1924, Before that time cases
of pneumonia occurred only rarely. Elstad
showed also that the morbidity, as well
as the death rate, from pneumonia was
parallel to the production of alloys of
manganese, which varied bhetween 323,000
to 69,000 tons per year during the period
1930 to 1937.

Pancheri (51) reported on a similar situa-
tion in the town of Aosta, situated in a
valley in Italy where manganese dust was
emitted from a metallurgical plant pro-
ducing alloy steel. Doctors reported an
increased incidence of pneumonia among
people living in the town. No data were
given on the incidence and type of pneu-
monia, and the association between the
plant’'s emissions and the incidence of
pneumonia was not thoroughly investi-
gated.

Stocks (67) made an attempt to correlate
pneumonia with the presence of trace ele-
ments in 23 British cities by comparing
the standardized mortality ratios for pneu-
monia in selected areas with the amount
of trace metals in the air collected on fil-
ters from those areas. The correlation
for manganese was 0.310 for males and
0.190 for females. The highest correla-
tions were found for beryllium, with 0.760
in males and 0.783 in females, and for
vanadium, with a correlation of 0.805 for
males and 0.711 for females.

Experimental studies

Ehrishmann (21) exposed rabbits to an
aerosol of MnO, dust. One group of ani-
mals was exposed to MnO, with a con-
centration of 10 to 20 mg/m? of air and a
particle size of less than 5 um. The ex-
posure time was 4 h/day for three months.
In a second set of experiments, four cats
were exposed to approximately 10 mg
MnOy/m3 of air for 21 h/day during a
period of about 15 months. Thereafter,
three of the cats were exposed to about
150 mg MnOy/m3 of air, 4 h/day for an
additional 15 months.

From results of chemical analyses taken
randomly from both experiments the
author concluded that there was no accu-
mulation of MnO, in the lungs. The mean



concentration of MnO, in the lungs of
exposed animals was about 10 ug/g of wet
weight. The concentration of MnO, in
the liver varied between 3 and 6 ug/g of
wet weight; in muscles it was 3 ug/g and
in the kidneys 13 ug/g, compared to ap-
proximately 0.1 ug/g of wet organ for the
control animals. The author could not
find any signs of pneumonia or pneu-
moconiotic changes in the animals studied.
However, no details were given of the cri-
teria for the histological evaluation of
the lungs.

Jotten et al. (36) exposed 32 rabbits to
MnOy dust 1 h/day for 39 days in the first
of a set of experiments. No data were
given on the aerosol concentration. The
particle size was about 1 um. During the
first 19 days of exposure, nine animals
died. Histological examination showed that
one of the animals had bronchopneumonic
foci and the others a leukocyte infiltrate
in the peripheral alveolar region. The
remaining 23 animals were exposed fto
MnO, 1 h/day during the following 20
days, but 16 were intranasally infected
with pneumococci type I and II. Eight
of these animals were also exposed to
draft for 15 min prior to MnO, exposure.
Four additional rabbits, not exposed to
MnO,, were intranasally infected with
pneumococci, and they served as a control
group.

At the end of the MnO, exposure period,
the mortality rates among the groups were
as follows: 57 % (4/7) of those exposed
to MnO, only, 75 %6 (6/8) of those exposed
to pneumococci + MnO,, 88 % (7/8) of
those exposed to pneumococei + airstream
+ MnO, and 0 % (0/4) of those exposed
to pneumococei only.

A histological examination of the ani-
mals exposed to MnO, and infected with
pneumococei — with or without exposure
to draft — showed that about 50 9%
had bronchial lesions with a massive
confluencing infiltrate of leukocytes and
lymphocytes within 15 days after pneu-
mococcal infection. These changes were
not seen in the group exposed to pneu-
mococei only. No signs of a croupous
fibroid pneumonia could be seen in either
group.

‘The aim of a second set of experiments
was to investigate the possible similarities
in the etiology of manganese pneumonia,
particularly the form of pneumonia called

earlier de-~

Thomasslachen pneumonia
scribed by Gundel and Fischer (31).

One group of 23 rabbits was exposed
to a mixture of 90 %o limestone and 10 %

MnO, — the composition of Thomas-
slachen smoke. Another group of 23 rab-
bits was exposed to limestone only. The
particle size of the limestone was 2 to 3
pm. No data on the concentration were
given for either exposure. The exposure
time, duration and exposure to pneumo-
cocci and stream of air were similar to that
in the first set of experiments.

Six animals died within 18 days of ex-
posure to limestone + MnO,, in compar-
ison to three animals exposed to limestone
only for the same period. Subsequent
exposure to airstream and/or pneumococci
resulted in a higher mortality rate during
the following 20 days than among animals
exposed only to limestone or limestone +
MnO,.

Histological examinations of the rabbits
exposed to limestone + MnO, revealed
mostly focal pneumonic changes, with
confluencing infiltrate of leukocytes and
lymphocytes in both the bronchial and
alveolar region. The findings were more
pronounced in animals exposed to air-
stream and/or pneumococci. No patholog-
ical lung changes were seen in animals ex-
posed to limestone only. When the ani-
mals were exposed to airstream and/or
pneumococci, only one showed pathologi~
cal evidence of pneumonia.

From the data of these experiments, and
citing earlier findings in clinical and epi-
demiologic studies by Buttner and Lenz
(15) and Gundel and Fischer (31), the
authors concluded that it was probably
the MnO; in Thomasslachen dust that was
the etiological factor in Thomasslachen
pneumonia.

In summarizing these experiments, Jot-
ten and his co-workers concluded that ex-
posure to MnO, or 10 % MnO, + 90 %
limestone led to a mortality rate twice
as high as that resulting from an exposure
to limestone only. The effect was more
pronounced when additional exposure to
airstream and/or pneumococci was per-
formed. The histological examinations
led to the conclusion that exposure to
MnO, gives rise to more pronounced
pathological lung changes than exposure
to MnO, + limestone. It was also stated
that manganese has a specific local action
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on the tissues which is probably due to
the mechanical and chemical properties of
the MnO, particles.

In order to elucidate the pathogenetic
importance of the presence of pneumo-
cocci for the development of manganese
pneumonia, Jotten performed a third set
of experiments. Mice were exposed to
an aerosol of MnO, for a period of 29 days.
No data were given for the exposure time
per day or concentration of MnO,.

The exposed animals were divided into
four groups. One group was exposed to
MnOy only. A second was immunized
with killed pneumococci on the sixth day
after the beginning of MnO, exposure.
A third group was exposed to viable pneu-
mococci type I and II at 19 days after the
start of MnO, exposure. The fourth
group was immunized on the sixth day
after the beginning of exposure and then
exposed to viable pneumococci on the 19th
day after the beginning of MnO, exposure.

The mortality rates within 20 days after
MnO, exposure were 23 % (12/53) for
those exposed to MnO, only, 36 % (9/25)
for those immunized with killed pneu-
mococei, 79 %0 (30/38) for those exposed
to viable pneumococci and 64 %o (16/25)
for those immunized and exposed to viable
prneumococci.

Histological observations of lung tissue
showed no pneumonic changes in the
MnQO, animals. In 8 out of the 31 exam-
ined animals exposed to viable pneumo-
cocci, one had severe, genuine croupous
pneumonia. All showed massive broncho-
pneumonic changes. Of the animals ex-
posed to killed pneumococci, 8 out of 9
showed severe massive confluencing bron-
chopneumonic changes. All of the ani-
mals exposed to killed and viable bacteria
showed severe confluencing bronchopneu-
monia.

The authors’ conclusion was that, in
the mice exposed to MnO,, immunized
with killed pneumococei and thereafter
exposed to viable pneumococci, the ob-
served bronchopneumonic changes were
more severe than in the animals exposed
to MnOg -+ viable pneumococci. In those
exposed to MnO, only, no bronchpneu-
monic changes were seen.

In the first of a set of experiments,
Heine (33) exposed 50 guinea pigs to ferro-
manganese dust in an alloy producing
industry. The animals were placed in
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cages within the plant for 8§ h/day for a
period of 178 days. The concentration of
dust was 2.35 g/m? of air. Data were not
given on particle size or the method of
measuring the concentration. No animal
died during the exposure period. Histo-
logical examinations revealed no patho-
logical changes in the lungs. Some incor-
poration of dust in the lungs, as well as
a threefold increase of manganese content
in the lungs of the exposed animals, was
observed.

A similar experiment was performed
during the winter to investigate the even-
tual role of climatological factors. Seventy-
five guinea pigs were exposed to ferroman-
ganese dust for 8 h/day for 198 days. The
concentration used during the first month
was 170 mg/m? of air; during the rest of
the period the concentration was 60 mg/
m3 of air. No pathological changes were
seen in the lungs. No data were given on
the amount of manganese in the lungs of
the exposed animals, though the author
noted a somewhat increased amount in
the exposed animals.

In a third set of experiments the aim
was to investigate whether exposure to
ferromanganese dust could cause a predis-
position to pneumonia. Groups of 35, 45
and 62 mice were exposed to ferroman-
ganese dust, containing between 88 and
90 96 manganese, for 15 min/day for 31-,
102- and 54-day periods, respectively. No
data on the size or the concentration of
the particles were given, and the method
of exposure was not described. During
the exposure to manganese, the mortality
rates were 17 9% (6/35) within 28 days,
27 % (12/45) within 98 days and 17 %
(5/30) within 45 days.

In the B4-day experiment, unexposed
animals and animals which had been ex-
posed to ferromanganese dust were na-
sally infected with viable pneumococci
type II at the end of the exposure period.
In both groups, some of the animals were
immunized with killed pneumococci 20
days before being infected. The method
of immunization was not described.

Most of the unexposed and exposed ani-
mals died within 20 to 100 h after infec-
tion and no significant differences be-
tween the groups were seen concerning
the observed lung changes. Among the
animals immunized with killed pneumo-
cocci the mortality rates were found to
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be 30 to 40 %o lower than among nonim-
munized animals.

To further study the effect of immuni-
zation with killed pneumococci, an ex-~
periment was performed on 100 guinea
pigs. The animals were exposed to ferro-
manganese dust of a concentration of 2.35
g/m3 of air for 8 h/day for 226 days. A
total of 50 animals were immunized with
killed pneumococci on the 17th day before
termination of exposure. The type of
pneumococei used was not reported. Nei-
ther the exposure method nor the method
for immunization was described.

After the exposure, 20 unexposed, 20
unexposed + immunized, 50 exposed, and
50 exposed -+ immunized animals were na-
sally infected with wviable pneurmococci
type 1. Within 12 to 17 days after the
infection the mortality rates in the dif-
ferent groups were 30 % (6/20) of those
unexposed, 25 9% (5/20) of those unex-
posed -+ immunized, 36 %o (18/50) of those
exposed and 28 %o (14/50) of those exposed
+ immunized.

From the results of these experiments,
the author concluded that the inhalation
of ferromanganese dust alone did not cause
pneumonia and that no decreased resist-
ance towards infection was observed. He
suggested that other factors, such as draft,
humidity and temperature changes, must
be considered in the development of pneu-
monia.

Lloyd Davies (42) exposed groups of
60 to 70 mice in three different experi-
ments (I, II, III) to dust collected from the
ledges and walls of a plant which pro-
duced potassium permanganate. The ani-
mals used in experiment I were exposed to
dust containing 70 %0 MnO,, and those in
experiments II and III to dust with a 74 %
MnOg content. In a control experiment
(IV), 60 mice were exposed to calcium car-
bonate dust (CaCOy), used as a nontoxic
dust similar to the dust in the plant with
respect to specific gravity and particle
size.

The animals were exposed in a small
chamber with controlled climate. Dust
counts were performed with a thermal
precipitator and correlated to the size and
concentration of the particles in the cham-
ber air.

For experiment I the exposure times
were 2 X 120 min/day for 14 days fol-
lowed by 2 X 70 min/day for eight days.

The particle count per milliliter of air
ranged between 923 and 2,786. The ex-
posure time for experiments II, III, and
IV was 2 X 70 min/day during 15 to 21
days, the dust count varying between 900
and 5,000 counts/ml.

After the dust exposures, control and
exposed animals were intraperitoneally in-
jected with a single dose of 0.5 ml pneumo-
coccus type II (experiments I, II, IV), pneu-
mococcus type IV (experiment II) or Strep-
tococcus Haemolyticus (experiments II, IV)
in concentrations of 20 to 240,000, 8,400
and 200 to 245 organisms/ml, respectively.
In experiment III, control animals and dust
exposed animals were exposed to an aero-
sol of serum broth with pneumococci type
IV for 15 min only, or for 15 min/day for
a period of three days. One group was ex-
posed to serum broth only and a second
group was unexposed.

During the dust exposure period the
highest mortality rate — 28 90 (17/60)
— was seen in experiment I (pneumo-
cocci). In experiments II, III, and IV
(MnO; and bacteria) the rates were 15 %
(9/60), 25 /b (16/63) and 20 °/v (12/60),
respectively. Histological examination
showed dust-laden cells in bronchi, alveoli
and interstitial spaces with slight to in-
tense infiltration of leukocytes and large
mononuclear cells around bronchi and ar-
teries.

No significant differences in mortality
rates were seen between the control ani-
mals and the animals exposed to dust
after intraperitoneal injection with pneu-
mococcus type II and IV or Streptococcus
Haemolyticus or after exposure to an aer-
0sol of serum broth with or without pneu-
mococci type IV. The author reported,
however, that dust exposed animals in
experiments I and II were in weak con-
dition and showed such symptoms as
weight loss, blindness and hind leg pa-
ralysis.

The author concluded that inhalation of
manganese dust did not give rise to an
increased susceptibility to pneumococci or
streptococci. He also concluded that man-
ganese is toxic to the respiratory epithe-
lium and exerts a specific chemical action
resulting in an intense mononuclear pro-
liferation and infiltration of the lung tis-
sues leading to cellular death and necrosis.
From analyses of body, skin, brain and
lung, together with determinations of sol-
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ubility in serum, it was concluded that

all manganese particles — phagocytized
or not — pass into solution in tissue
fluids.

In a further study, Lloyd Davies and
Harding (43) intratracheally injected 10 mg
of MnQO, in 1 ml of saline into the lungs of
rats. Eighty per cent of the particles
were less than 1 um. After the injection
the animals were sacrificed at intervals
varying from 15 min to 18 months and the
lungs were histologically examined.

The lungs of control rats injected with
saline only showed no histological ab-~
normalities. In the exposed animals the
epithelial cells of the bronchi discharged
their mucus, and the epithelium became
ragged and could be loosened from the
basal membrane after 15 min of exposure,
After approximately 24 h, an intense his-
tiocytic mononuclear reaction appeared in
the interstitial tissue and the alveoli con-
tained many histiocytic cells. Shortly
thereafter, large hydropic cells appeared,
often in large numbers. An early granulo-
matous reaction occurred after 14 days.
Six weeks later giant phagocytic cells were
observed.

The authors concluded that manganese
acts as an irritant to the bronchial and
alveolar epithelium and causes a charac-
teristic mononuclear cell reaction. They
also suggested that the presence of hy-
dropic cells was related to the degree of
tissue irritation produced by chemical
agents.

Their overall conclusion was that “man-
ganese dust in suitable particle size in-
troduced into the respiratory system will,
without the presence of other factors, cause
pneumonitis.”

Maigretter et al. (45) exposed SPF mice
to an aerosol of 109 mg MnQOy/m3 of air.
The exposures lasted 1, 2 and 3 h per day
for up to four days. The method of meas-
uring air concentration was not described.
The dust was generated by a Wright dust
feed apparatus. About 97 % of the partic-
les were less than 5 um, and 50 to 60 %
were less than 0.7 um.

The amount of manganese found in the
lungs 10 min after a 3-h exposure was
95.6 wg/g of dry lung -— almost twice
the amount analyzed after 1- and 2-h
exposure. At 5 h after, and again at 14
days after, a 3-h exposure, the amount of
manganese in the lungs was 67.4 and 4.3
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wglg of dry lung, respectively; 2.1 ug/g
was found in the lungs of unexposed mice.

A microscopic examination of lung tis-
sue from the MnO, exposed animals re-
vealed an acute to subacute inflammatory
infiltrate with slight alveolar septal edema
and congestion. These changes were the
most marked after the fourth exposure
to MnO, aerosol.

Among mice exposed to MnO, 3 h/day
during 1, 2, 3 and 4 days and then chal-
lenged with Klebsiella pnewmoniae type
A at 1 or 5§ h after the final MnO, ex-
posure, the overall mortality rate was sig-
nificantly higher. The survival time was
also considerably decreased in animals
challenged with K. pneumoniae 5 h after
the final MnOy exposure. No deaths were
observed among 40 control mice exposed
to MnO, + 0.2 % bovine serum albumin
aerosol. In the group exposed to K. pneu-
moniae 1 h after MnO,, a positive linear
relationship was present between mortal-
ity rate and the frequency of exposure
to MnO,; aerosol. This relationship was
not present among animals exposed to
K. pneumoniae 5 h after MnOs.

In a second set of experiments mice
were challenged with airborne mouse-
adapted influenza A/PR8/34 virus at 24 or
48 h prior to a 3-h MnO; exposure lasting
up to three days. The animals challenged
with the virus 48 h prior to 1- and 2-day
MnO,; exposures showed significantly in-
creased mortality rates and lung consolida-
tion and a decreased survival time, when
compared with animals challenged 24 h
before MnO, exposure.

The authors suggested that the suscep-
tibility to the infectious agent was depend-
ent upon the dose of inhaled MnO, and
that the cytotoxic effects of MnO, on
macrophages could be, in part, responsible
for the increased mortality rates due to
bacterial pneumonia in MnO, exposed
mice. They concluded from results of the
virus experiment that the time of infec-
tious challenge in relation to the MnO,
exposure was critical.

Zaidi et al. (77) conducted experiments
on three groups of guinea pigs, each con-
sisting of 30 animals. One group was
inoculated with Candida albicans, (500 wug/
1.5 ml saline), a second with MnO, (50
mg/1.5 ml saline) and a third with MnO,
+ C. albicans (50 mg + 500 «g/1.56 ml sa-
line). The dust used contained 68.30 %
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MnO,, 10.50 %o SiOy, 5.00 /6 Fe,Og, 4.60 %o
Al,Oy and 0.06 %o NiO; the particle size
was less than 5 um. Two animals from
each group were killed and autopsied im-
mediately after inoculation. At least two
animals from each group were sacrificed
and autopsied at different intervals be-
tween 2 to 180 days after inoculation.

The mortality rates between 15 to 40
days after inoculation were higher for the
MnO, + bacteria exposed animals (30 %)
than for animals exposed to bacteria only
(13 %). No animal died in the MnO,
group.

Viable postinoculation counts of organ-
isms from the cardiac lobe showed the
presence of organisms up to 90 days in
the group exposed to C. albicans, no counts
in the MnO, exposed group, and up to
120 days in the MnO, + bacteria exposed
group.

In the group exposed to C. albicans
histological examinations showed an acute
inflammatory reaction in the lumen of
bronchi and bronchioles at early stages;
by 90 days the reaction had subsided. In
the group exposed to MnO, a marked pro-
liferation of alveolar macrophages, togeth-
er with increased phagocytosis of dust,
was seen at seven days. From 30 to 180
days the lymph nodes contained small
amounts of dust, and a slight to marked
fibroblastic proliferation was seen. At 180
days, unphagocytized particles and dust-
laden macrophages were still seen in the
alveolar lumen. A benign type of pneu-
moconiosis appeared at this time with a
grade II fibrosis classified according to
Belt and King (6). No pneumonic changes
were seen. In the group exposed to MnO,
+ C. albicans a widespread infiltration of
polymorphonuclear leukocytes, together
with macrophage reaction with phagocyto-
sis of dust and organism, was seen at sev-
en days. Bronchopneumonia developed
within 15 days; by 30 days the leukocytic
reaction subsided. Dust was found pri-
marily in the alveolar lumen, and lymph
nodes revealed the presence of dust. At
150 days the reaction became chronic and
fibroblastic response was seen. At 180
days the fibrosis consisted of thick reticu-
lin and collagen fibers and became grade
III.

The authors concluded that the trans-
port of MnO, dust to regional lymph nodes
was not effective and that C. albicans and

manganese dust interact and develop le-
sions earlier and produce more fibroses
than would the dust or C. albicans alone.

Shanker et al. (66), using an experiment-
al design similar to Zaidi et al. (77), in-
oculated 30 guinea pigs intratracheally
with 50 mg MnO, in 1.5 ml of saline. The
animals were killed and autopsied be-
tween 24 h and 180 days after inoculation,
and the tracheobronchial lymph nodes
were histologically examined.

At seven days, scattered manganese par-
ticles were seen extracellularly. At 30
days, particles were seen extracellularly;
they were associated with macrophages
but were not phagocytized. At 60 days a
few macrophages appeared to be laden
with particles. At 90 days some large
collections of dust-laden macrophages
were seen which showed varying degrees
of degenerativé changes. By 120 days a
marked degree of lymphopoesis was seen,
as well as a marked density of lympho-
cytic cell population. At 180 days a sig-
nificant increase in the density of particles
was noticeable throughout the section.
Many densely packed macrophages were
seen — some of which had degenerated
— and particles appeared extracellu-
larly in various places. Furthermore, in-
filtration of eosinophils and an increase
in the reticulin fibers were observed. None
of the control animals showed any patho-
logical changes.

It was concluded that MnO, particles,
primarily in the extracellular state, are
apparently quickly brought to the lymph
nodes via lymphatic clearance mechanisms.
Subsequently, there is proliferation of
macrophages and some phagocytosis. The
cytotoxic effects of manganese were a
degeneration of dust-laden macrophages
and a slight proliferation of fibroblasts,
together with some reticulinosis.

Shanker’s final conclusion was that, due
to the reducing action of lymph during
its filtration through the manganese diox-
ide loded nodes, manganese may dissolve
slowly into ionic form and be carried into
the general circulation.

CONCLUSIONS AND COMMENTS

The epidemiologic studies conducted by
Baader (2), Elstad (22), Lloyd Davies (42)
and Van Beukering (72) indicate a rela-

15




tionship between manganese exposure and
the development of a pneumonialike dis-
ease. In Wassermann and Mihail's study
(74) it was concluded that the incidence
of manganese pneumonia was high among
manganese workers, although the statisti-
cal analysis on which the conclusion was
based was not described. Other studies
by Brezina [cited by Elstad (22)], Bak-
radse (4), Thiis-Evensen (71) and Vigliani
(73) also suggest that manganese might be
the etiological factor of a pneumonialike
disease.

Contrary to these conclusions, Heine (33)
stated that factors other than manganese
are important for the development of
pneumonia among workers exposed to
manganese. His conclusions, based on
statistical evaluations and environmental
studies in an alloy producing industry,
were that the increased incidence of pneu-
monia was due to predisposing factors,
such as draft, humidity, temperature
changes, unemployment, and malnutrition,
and that manganese had no specific in-
fluence.

Certain other authors, who conducted
studies on workers in manganese mines
and who were cited by Wassermann and
Mihail (74), also failed to find cases of
pneumonia.

The aforementioned studies show that
there are discrepancies in different au-
thors’ conclusions concerning manganese
as an etiological factor in the develop-
ment of pneumonia among manganese ex-
posed workers.

Also, the definition of the term “pneu-
monia” varies in the cited studies. Elstad
(22), Baader (2), and Rodier (55) used the
term croupous pneumonia. Lloyd Davies
(42) used pneumonitis, Wassermann and
Mihail (74) used pneumonia, and Van Beu-
kering (72) reported on contracting pneu-
monia.

The clinical signs often described were
a sudden onset of symptoms, intense dysp-
nea, high temperature (40—41 °C), radio-
logical signs of acute lobar pneumonia, and
little expectoration (often hemorrhagic).
The pneumonia is also accompanied by
a high mortality rate — four times
higher than that for lobar pneumonia (20).
In relation to treatment, Lloyd Davies
(42), Rodier (55), and Dervillée et al, (20)
found that in some cases the usual anti-
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biotics used for pneumonia treatment were
not effective.

Results from experimental studies at-
tempting to produce pneumonia in ani-
mals exposed to manganese are also con-
tradictory. Jotten et al. (36) showed that
exposure to MnO, dust, or to manganese
as a 10 %o part of Thomasslachen smoke,
resulted in an increased mortality rate
and typical pneumonialike changes in lung
tissue of rabbits. In combined exposures
to draft and pneumococci the effect was
increased. The authors concluded that
MnO; seemed to exert a local cytotoxic
effect, which resulted in severe altera-
tions in the lung epithelium. The cyto-
toxic effect also seemed to be correlat-
ed to particle size, i.e., smaller particles
gave rise to increased alterations in the
lung tissue. In another set of experi-
ments by the same authors, no pneumonic
changes were seen in mice exposed to
MnO;, for 29 days. However, the con-
centration and exposure time per day were
not given in their experiment. Ehrish-
mann (21) and Heine (33) failed to pro-
duce pneumonia or pneumonialike changes
in the lungs of rabbits exposed to MnO,
by inhalation. The discrepancy in the
results of the studies might be explained
by several factors, such as differences in
particle size, dust concentrations and the
types of exposure conditions used. Howev-
er, the lack or inaccuracy of data concern-
ing these factors makes a comparison dif-
ficult.

Histological examinations of lung tissue
of rabbits exposed to MnQ, via inhalation
showed infiltration of leukoecytes in the
peripheral alveolar region within 19 days
of exposure (36). In another experiment
on mice by the same author, no pneumo-
nic changes were seen within 20 days
after MnO, exposure. Lloyd Davies (42)
reported an intense mononuclear prolifer-
ation and slight to intense leukocyte in-
filtration of the lung tissue of mice ex-
posed for about 20 days to dust from a
potassium permanganate industry. Maig-
retter et al. (45) found an acute to subacute
inflammatory infiltrate with slight edema-
tous changes in the lungs of mice exposed
to MnO, dust.

In contrast to these findings, Heine (33)
did not find any pathological changes in
the lungs of guinea pigs exposed to fer-
romanganese dust 8 h per day for up to




200 days. Furthermore, in experiments on
rabbits and cats, exposed for up to 15
months to an aerosol of MnO,, Ehrishmann
(21) could not find any signs of pneumonia
or pneumoconiotic changes in the lung
tissue. The method used for the histologic
examination of the lung tissue was,
however, not described.

The studies by J&tten et al. (36), Lloyd
Davies (42), and Maigretter et al. (45) sug-
gest that manganese exerts an irritant
effect upon the respiratory epithelium and
that the level of response is dependent
upon the duration of exposure. Contra-
dictory findings were reported by Heine
(33) and Ehrishmann (21). Lloyd Davies
(42) concluded that manganese is toxic to
the respiratory epithelium,; this conclusion
was supported in a later study by Lloyd
Davies and Harding (43). Maigretter et al.
(45) suggested that MnO, had a cytotoxic

effect on macrophages -— a conclusion
which was also presented by Shanker et
al. (66).

Certain studies have attempted to eval-
uate the importance of a simultaneous ex-
posure to MnO, and other agents, notably
bacteria. Jotten et al. (36) found that the
mortality rates among mice and rabbits
were more pronounced when they were
exposed to MnO, + killed and viable
pneumococci. These findings could not be
confirmed, however, by Heine (33) in his
own experiments on guinea pigs and mice.
Lloyd Davies (42) also failed to produce an
increased susceptibility to pneumococci or
streptococci. Maigretter et al. (45) stated
that the susceptibility to pneumonia might
be enhanced when certain inhaled doses
of manganese were attained. They also
concluded that the time of infection in
relation to the time of manganese ex-~
posure was crucial. Zaidi et al. (77) found
a greater pulmonary reaction when MnO,
and C. albicans were intratracheally in-
jected together than when either agent
was given alone.

In summary, the information on the pul-
monary toxicity of MnO, is still incom-
plete and sometimes contradictory, partic-
ularly in respect to the changes which take
place in the lung immediately after ex-
posure and thus the relation to the devel-
opment of acute pneumonia. The import-
ance of bacteria in the development of
pulmonary effects is also unclear, as well
as the clearance time of the manganese
dust once it is deposited in the lung.

SCOPE OF THE INVESTIGATION

The aim of the present investigation was
to study further the mechanisms involved
in the action of manganese on the pulmo-
nary cells and tissue after acute exposure.
With reference to the results from ex-
perimental studies by previously -cited
authors, the following factors were con-
sidered important in the study:

a. the pulmonary clearance of manga-
nese as a determinant of the contact time
between the agent and the lung tissue, as
well as the accumulation of manganese
in the lungs;

b. the number of free lung cells present
in the airways, i.e., those indicating the
phagocytic capacity (macrophages) and
presence of inflammation (polymorpho-
nuclear leukocytes);

c. the phagocytic activity of the alveo-
lar macrophages at different times after
exposure to manganese, indicated by the
number of alveolar macrophages contain-
ing phagocytized manganese particles and
the clearance of inhaled viable bacteria;
and

d. the effects of exposure to bacteria on
the clearance of manganese, the inflam-
matory response, and the phagocytic ac-
tivity of macrophages.




Material and methods

EXPERIMENTAL TECHNIQUES

Animals

Full-grown male and female guinea pigs
of high quality were used in the experi-
ments. For assurance of the absence of
pulmonary infection in the test animals, a
count was made of the macrophages and
leukocytes in the lung lavage fluid of five
animals selected at random from the
group. During the period of an experi-
ment, the animals used were kept and
handled separately so that possible cross-
infections among animals housed in the
animal unit would be avoided; six to seven
animals were kept in the same cage (55 X
33 X 18 cm). Pelleted standard guinea pig
food and tap water containing 25 g of
ascorbic acid per liter was given ad libi-
tum.

Manganese dioxide aerosol

Analytical grade of MnO, was used in the
experiments. According to the manufac-
turer's analysis, it contained 99.5 %0 MnOs,,
0.01 0 C1, 0.05 %s NOy, 0.05 %0 SOy, 0.05 %/
insoluble in acid and 0.2 %o alkalies and
earths.

Generation. The dust aerosol was gen-
erated with a Rag Pe generator which has
been earlier described by Rylander et al.
(63) and Hellstrom (34). The apparatus
consists of a fan which circulates air
through a circular plastic tube. A
perspex tower is mounted on the top of
the apparatus. Smaller particles are car-
ried up to the top of the tower and through
a connecting tube into the exposure cham-
ber. The generator is equipped with a
dosage mechanism which automatically
gives a dust dose at certain, preset times.
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Particle size and dust concentration. The
size of the particles and their distribution
in the aerosol were measured with a
ROYCO optical particle counter model 225.
In this apparatus, a light beam is focused
on a small chamber through which par-
ticles pass and the intensity of the scat-
tered light from the particles is measured.
As the geometrical diameter of the particle
is proportional to the intensity of the scat-
tered light, the particle size can be deter-
mined.

The concentration of the dust was moni-
tored by sucking air through preweighed
Millipore membrane filters (0.8 ym MAWP)
and weighing the filters after the sampling
period. Table 1 gives the measured con-
centration of MnO, and the proportion of
particles below 3 um for all clearance ex-
periments.

Exposure conditions, For MnO,; expo-
sure the animals were put in four cages,
each holding six to seven animals. The
cages were placed in a stainless steel
chamber with a volume of 0.67 m3. MnO,
dust, generated by the Rag Pe generator
and mixed with sterile filtered air, was
introduced into the chamber from the top
and sucked through the chamber at a
flow of 8 m3/h. A negative pressure of
5 mm of water was maintained within the
chamber during the exposure. The dura-
tion of the exposure was 24 h.

Table 1. Means (M) and standard deviations.

of the concentration and proportion of particles
equal to or smaller than 3 wm in the clearance
experiments.

Number of Concentration Size
experiments mg MnQOs/m3 air 9/ < 3.0 ym
M SD M SD
9 22 + 9.2 87 + 134

|
|
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Bacterial aerosol

In the experiments a strain of Entero-
bacter cloacae was used. The bacteria
were cultured on Drigalski agar plates
at 37° C overnight and suspended in ster-
ile distilled water or phosphate buffer.
The suspension was aerosolized with a
Collison spray (57).

The concentration of the bacterial aero-
sol was determined by the measurement
of the percentage of transmittance of the
bacterial suspension in a colorimeter (Uni-
cam). The concentration used was 109
bacteria/ml of suspension, corresponding
to a transmittance of 40 Y%. No deter-
minations were made of the number of
viable bacteria in the exposure chamber
air.

An aluminium chamber with a volume
of 37 1 was used for the bacterial expo-
sures. The flow through the chamber was
kept a 4 m3/h. During the exposure, a
negative pressure of 40 mm of water was
maintained. The exposure lasted 40 min.

In certain experiments the animals were
given the bacterial aerosol at different
time intervals with relation to the MnO,
exposure.

In other experiments the number of
viable E. cloacee was determined in the
lungs of animals at different time inter-
vals after exposure.

Exposure regimes

The exposure regimes used in the different
experiments are illustrated in fig. 1. In
the following presentation of the results,
the different exposure groups will be re-
ferred to as:

B + M = Enterobacter 1 day prior to MnOs

Ep + M = Enterobacter immediately before
MnO3»

M + E¢ = Enterobacter immediately after
MnO3»

E == Enterobacter

MnQs = MnOg2

Preparations and measurements

Determination of manganese dioxide in
the lung. Groups of two to four animals
were sacrificed at the termination of MnO,
exposure and at varying times thereafter.

MnOo

]

E

Fig. 1. Time scheme in days after exposure
to Enterobacter (E) and manganese dioxide
(MnOg) in clearance experiments.

The 1lung and trachea were removed,
placed in porcelain crucibles, weighed, and
then dried for a period of 15 h at 110 to
115° C.

The dry weight was determined, and
ashing was done in a muffle oven for 2 X
15 h at 445° C. The ash weight was then
calculated, and 15 ml of 1IN HNO; was
added to the crucibles, which were then
left overnight. The sample was stirred
thoroughly and transferred to test tubes.
The concentration of manganese in the
sample was determined at a wave length
of 279.5 um Dby flame atomic absorption
spectrophotometry (Perkin Elmer 403,
equipped with deuterium background cor-
rection). The amount of manganese was
expressed as micrograms per gram of dry
lung. The method used was in principle
similar to the one earlier described in
detail by Kjellstrom et al. (37).

Number of free lung cells. The number
of free lung cells in the airways was deter-
mined with a lavage technique described
in detail by Rylander (58). Ten milliliters
of saline was gently flushed into the lungs
and withdrawn. The same fluid was then
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Table 2.
the different combined exposed groups.

Time relations between exposure to manganese dioxide (MnQO3) and Enterobacter for

Days after Days after MnOz exposure
Enterobacter
exposure 0 1 2 3 4
0 M + Eg
1 Ep + M M + Ep
2 Ei+M Ey+ M M -+ Eo
3 Ey+M Ey + M M + Eg
4 Ei+ M o+ M M -+ Ep

flushed in again and withdrawn. The pro-
cess was repeated ten times, and then 0.5
ml of the fluid was transferred into a test
tube and stained with Tirck’s solution.
The preparation was studied under the
microscope, and the number of macro-
phages and polymorphonuclear leukocytes
counted in a Biurker chamber. The num-
ber of cells reported in the results should
be multiplied by 5 X 10¢ for the total
number of cells in the lung.

Determination of macrophages with
phagocytized manganese dioxide particles.
After 0.5 ml of the lavage fluid was with-
drawn for the cell count, the remaining
sample was centrifuged at 2,000 rpm for
5 min and a smear was made from the
precipitate. The percentage of macro-
phages containing phagocytized particles
was determined by the count of 50 cells
per smear under a microscope (x 400).
Only cells with five or more particles were
considered as cells containing phagocytized
MnO, particles. This procedure was fol-
lowed so that methodological errors would
be reduced, inasmuch as other kinds of
particles present in macrophages could be
mistaken for MnO, particles.

Measurement of clearance of viable
bacteria. The animals were killed at 0,
1, 3, 5 and 24 h after a 10-min exposure
to E. cloacae. The lungs and trachea were
removed under aseptic conditions and
homogenized in 10 ml of a phosphate
buffer solution. Dilution series of 1:10,
1:100 and 1 : 1,000 were made of the prep-
arations. Duplicate samples of 0.5 ml
per dilution were mixed with Drigalski
agar. After incubation at 37° C overnight,
the number of colonies were counted and
the mean value from the duplicate sample
per dilution was calculated.
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Histological evaluation of lung section.
Histological sections of lung tissue were
prepared according to standard histolo~
gical techniques and stained according
to the Giemsa method. The stained prepa-
rations were scanned in a microscope at
a magnification of x 100. About 40 vision
fields were required for the scanning of
the preparate, and the number of vision
fields containing areas of leukocyte infil-
tration was counted. The degree of in-
filtration was evaluated as follows:

Number of vision Degree of Symbol
fields containing infiltration
leukocyte infiltrate
0 none —
1—2 occasional +
3—4 rather spread + 4
5—6 spread + 4+
> 7 widespread + 4+

TREATMENT OF DATA

Mean values and standard deviations were
calculated from individual data. In the
experiments on clearance the mean from
all the animals examined at the same time
after exposure was considered as repre-
senting the retention value for that ex-
periment. Means were then calculated
from several experiments. Differences
between different experiments were test-
ed for significance with the two-sided
Student’s t-test.

The data for the different observations
are usually given with relation to the
MnO, exposure. In some cases the time-
corresponding value after Enterobacter
exposure is referred to as the TRE value.

Table 2 clarifies the time relations for
the combined exposed groups with refer-
ence to the time of exposure to either
agent.




o

Results

LUNG CLEARANCE OF MANGANESE
DIOXIDE PARTICLES

The pulmonary clearance of MnO, at
various time intervals after a 24 h expo-
sure is demonstrated in table 3 and illus-
trated in fig. 2.

The table demonstrates that, of an ini-
tially deposited mean amount of 438 (221)
48 MnOy/g of dry lung, about 50 %o re-
mained after 1 day. Approximately 27 %,
16 % and 3 % remained after 2, 3 and 7
days, respectively.

The table and the figure also report data
from animals exposed to Enterobacter 1
day prior to MnO, The initially depos-
ited mean amount in these animals was
340 (154) ug MnOy/g of dry lung. This
value was not significantly different from
that of the group exposed to MnO, only.

In comparison to animals exposed only
fo MnO,, a significantly higher retention
was found in the animals exposed to
Enterobacter at day 1 and day 3 after ex-
posure. The value for the retention at
2 days after MnO, exposure was also
higher, but the difference was not signifi-
cant. At 7 days the retention was about

Table 3. Manganese dioxide (MnOg)

the same. The retention data thus indi-
cate that a decreased clearance was pres-
ent up to 3 days after exposure in ani-
mals exposed to Enterobacter prior to
MnOZ

The results from the pilot study to in-
vestigate whether the time of bacterial

%
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Fig. 2. Clearance of manganese dioxide
(MnOg) from lungs of guinea pigs at various
times after exposure, expressed as the per-
centage of the initial deposition.

in lungs at wvarious times after

exposure. Data expressed as percentage of initial deposition. (&1 -+ M =
animals exposed to Enterobacter 1 day prior to MnOg; ID = initial deposition
in micrograms of MnOg/gram of dry lung weight; N = number of experi-
ments; figures in parentheses = standard deviation)

MnOg E{ + M
Days after ID = 438 (221) ID = 340 (154)
MnOgy exposure
N 0/y N %
0 9 100.0 4 100.0
1 5 497 (5.4) 4 73.3  (6.6)***
2 4 27.2 (8.6) 2 407 (2.7
3 7 16.3 (4.8) 4 26.2  (4.9)%+
7 8 3.2 (0.6) 4 42 (0.8)

* p < 0.01; *#* p <0.001.
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Table 4. Manganese dioxide (MnOg) in lungs at wvarious times after
exposure, Data expressed as percentage of initial deposition. (Eg + M =
Enterobacter immediately before MnOg; M -+ Ep = Enterobacter immediate-
ly after MnOg; ID = initial deposition in micrograms of MnOs/gram of
dry lung weight; N == number of experiments; figures in parentheses =

standard deviation)

) MnO» Eg+ M M + Eg
Days after ID = 438 (221) ID = 126 (40) ID = 313 (28)
MnO3z exposure
N /g N %0 N /g

0 9  100.0 1 100.0 2 100.0

1 5 497 (5.4) 1 49.8 2 37.6 (12.6)

2 4 27.9  (8.6) 1 31.5 2 23.1 ( 9.8)

3 7 16.3 (4.8) 1 25.0 2 101 ( 2.1)

7 6 3.2 (0.5) 1 5.2 2 25 (0.2

exposure might be important to the clear-
ance of MnO, particles are shown in
table 4.

It can be seen in the table that the high
retention found at day 1 in the E; + M
group (table 3) was not present in the
E, + M or the M + E; group. The reten-
tion in the E; + M group was about the
same as in the group exposed to MnO,
only. In the M + E, group the value was
lower, but the difference was not statisti-
cally significant. The same was true for
the slight differences seen in the two
groups at 2, 3 and 7 days after exposure.

NUMBER OF MACROPHAGES

Table 5 reports the number of macro-
phages found in the airways of animals
exposed to MnO,, E, and E, + M.

Table 5. Mean (M) number of macrophages in
animals at various times after exposure. The
mean value for the controls was 115 (62) based
on 59 animals. (MnO2 = animals exposed to
manganese dioxide; E = animals exposed to
Enterobacter; N = number of animals; figures
in parentheses = standard deviation)

Days MnOg E
after
exposure N M N M
0 23 46 (31)**x
1 19 127 (70) 10 141 (123)
2 18 114 (62) 10 133 ( 54)
3 26 172 (94)ikx 10 208 (133)*#**
7 13 180 (63)***

*E o p < 0.001.
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For the MnO, group, the results show
that, in comparison to control animals,
the number of macrophages was signifi-
cantly reduced immediately after the ex-
posure. At 1 and 2 days no difference
was found. At days 3 and 7 the number
of macrophages was significantly in-
creased.

In animals exposed to Enterobacter only
the number of macrophages was almost
the same as in control animals at 1 and
2 days after exposure. At 3 days a signifi-
cant increase was found.

The results from experiments in which
Enterobacter were given at different time
intervals in relation to MnO, exposure
are illustrated in fig. 3 and reported in the
appendix (table A-1). In the figure the
mean number of macrophages in the ex-
posed groups is plotted against the time
after MnO, exposure. Each point repre-
sents the mean from between 4 to 12 ani-
mals. The number of macrophages for
unexposed animals is indicated with “C".

In comparison to the control animals a
significantly increased number of macro-
phages was seen in the E; + M group at
0, 1, 2 and 7 days after exposure (p < 0.01,
p £0.05, p<0.001 and p < 0.05, respec-
tively). In the E; + M group an increased
number was seen at 1 and 2 days (p < 0.05
and p < 0.01, respectively)) In the
M + E, group an increase was seen at 1, 2,
3 and 7 days (p < 0.001).

In comparison to the animals exposed
only to MnO,, the figure shows that in
the E; + M group the number of macro-
phages was higher at 0 and 2 days after
exposure (p < 0.001). For the E,-+ M
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group the number of macrophages was
increased at 0, 1 and 2 days after MnO,
exposure (p < 0.001). Animals exposed to
M + E, showed an increased number of
macrophages at 1, 2, 3 (p < 0.001) and 7
days (p < 0.05) after MnO, exposure.

The figure also shows that the peak
increase at 1 and 2 days was higher for
the By + M and M -+ E; groups than for
E; + M exposed animals. This difference
was statistically significant (p < 0.05 and
p < 0.01, respectively). No significant dif-
ference was seen between the E; + M and
M -+ Egy groups. At 3 days the values were
also higher than the values for the E; + M
group (p < 0.01). At this time a signifi-
cant difference was also present between
the groups (p < 0.05).

At the times when the number of
macrophages in the groups given com-
bined exposures was significantly higher
than in the animals exposed to MnO; only,
the difference in the time related number
of macrophages in the animals exposed
to Enterobacter only (TRE values) was
evaluated. Data from table A-—1 in the
appendix show that all values for the ani-
mals given combined exposures were sig-
nificantly higher (p < 0.05) than corre-
sponding TRE values except at 0 days in
the E, + M group, although the same ten-
dency was still found at that time.
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Fig. 3. Number of macrophages (5 X 104) in
lungs of guinea pigs at different times after
exposure to manganese dioxide (MnOg). (Day
0 represents the time immediately after MnOs
exposure; C represents control values for each
group).

Table 6. Mean (M) number of leukocytes in
animals at various times after exposure. The
mean value for controls was 74 (50) based on 59
animals, (MnOg = animals exposed to manga-
nese dioxide; E = animals exposed to Entero-
bacter; N = number of animals; figures in
oarentheses = standard deviation)

Days MnOs E

after

exposure N M N M
0 23 63 (38)
1 19 124 (79)** 10 507 (283)%*+
2 18 98 (56) 10 371 (226)***
3 26 151 (94)x=* 10 330 (190)%*=
7 13 93 (37)

# p < 0.01; % p<0.001.

In summary, the data on the number
of macrophages show that, in comparison
to control animals, the MnO, exposed ani-
mals showed a decrease immediately after
exposure and then an increase several days
after exposure. Exposure to Enterobacter
resulted in an increased number 3 days
after exposure. A combined exposure to
MnO, and Enterobacter, in comparison
to when either agent was given alone,
produced a significantly increased macro-
phage response, with a peak 2 days after
MnO, exposure. When Enterobacter was
given in immediate connection to MnO,,
the response was increased in comparison
to the response in the animals exposed to
Enterobacter 1 day prior to MnO,.

NUMBER OF LEUKOCYTES

The number of leukocytes in the MnO,
and Enterobacter exposed animals is shown
in table 6.

The table shows that, in comparison to
the control animals, the number of leuko-
cytes was significantly increased in the
MnO, group at 1 and 3 days after MnO,
exposure. At 0, 2 and 7 days the number
was not significantly different from the
controls. .

In animals exposed to Enterobacter, the
number of leukocytes was significantly
increased at 1, 2 and 3 days after exposure
in comparison to both the control and
MnOy exposed animals.
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Fig. 4. Number of leukocytes (b X 104) in
lungs of guinea pigs at different times after
exposure to manganese dioxide (MnOg). (Day
0 represents the time immediately after MnOg
exposure; C represents control values for each
group)

INlustrated in fig. 4 and reported in the
appendix (table A-—2) is the number of
leukocytes found at different times after
the exposures of the MnO, E;+ M,
E, + M, and M + E; groups. The mean
number of cells in from 4 to 12 animals
are plotted against the time after MnO,
exposure. The number of leukocytes in
unexposed animals is indicated by “C”.

The figure shows that, in general, the
number of leukocytes was higher than in
the controls at 0, 1, 2 and 3 days after
exposure (p < 0.05). At 7 days the values
were not significantly different in the
E,+ M and E;+M groups.

For the E; + M exposed animals the
figure shows that the number of leukocytes
was increased at 0, 1 and 2 days after
MnO, exposure, in comparison to the
MnO, exposed animals (p < 0.001, p < 0.05
and p < 0.01, respectively). In animals
exposed to Ey + M an increase was seen
at 0, 1 and 2 days (p < 0.001). For the
M + E; group an increased number of
leukocytes was seen at 1, 2, 3 and 7 days
(® < 0.001).
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The figure also shows that the increased
leukocyte number at 1, 2 and 3 days was
higher for the Ey+ M and M+ E; ex-
posed animals than for the E; -+ M ani-
mals. This difference was statistically
significant (p < 0.001, p < 0.01 and p < 0.01,
respectively). No significant difference
was present between E, + M and M + E,
groups at 1 day after exposure. At 2, 3 and
7 days the number was higher in the
M-+ E, group (p<0.05 p<0.05 and
p = 0.001, respectively).

At the times when the number of leuko-
cytes in the groups given combined ex-
posures was significantly higher than in
the animals exposed to MnO, only, the
difference to the TRE values was evaluat-
ed. Data from table A—2 in the appendix
show that no difference was seen for the
E,+M group. In the E;+ M group a
significantly higher number was seen at
1 and 2 days (p < 0.001 and p < 0.01, re-
spectively). In the M + E; group a higher
number was seen at 1, 2 and 3 days after
exposure (p < 0.01, p < 0.001 and p < 0.01,
respectively).

In summary, the data on the number of
leukocytes show that, in comparison to
controls, an increase was seen 1 and 3
days after MnO, exposure. Exposure to
Enterobacter resulted in an increased
number for 3 days following exposure. No
difference was found between the E; +M
group and the group exposed only to En-
terobacter at corresponding times. When
Enterobacter was given in immediate con-
nection to MnO,, a significant increase
was seen in the 3 days following exposure.
This increase was marked in the M + E,
group. The data indicate that, similar to
the macrophage response, the leukocyte
response was also related to the time of
Enterobacter exposure,

PHAGOCYTOSIS OF MANGANESE
DIOXIDE

Table 7 shows the proportion and total
number of macrophages with phagocytized
particles (MWP) for the different exposure
groups.

It can be seen that about 50 % of the
macrophages in the MnO, group contained
phagocytized particles immediately after
the 24-h exposure. The proportion de-
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creased thereafter, and at 7 days after
exposure only 15 %o contained phagocyt-
ized particles. The total number of macro-
phages with particles was higher at 1, 2
and 3 days after exposure as than at 0 and
7 days (p £0.001, p < 0.001 and p < 0.05,
respectively).

In the group exposed to E; + M, the
proportion of MWP was significantly de-
creased in comparison to the MnO, group
at 0, 1, 2 and 3 days after MnO, exposure.
The total number of MWP was increased
at 0 days, decreased at 1 day, and about
the same at day 2. In the days that fol-
lowed, a decrease was seen which was
significant at day 3.

In the Ej + M group the proportion of
MWP was about the same as in the MnO,
group except on day 1, when a slight de-
crease was seen. The total number of
MWP was increased at 0, 1 and 2 days
after MnO, exposure and almost the same
at days 3 and 7.

In the M + E, group, the proportion of
cells with particles was significantly de-
creased at 1, 2, 3 and 7 days. The total
number of MWP was decreased at day 0,
somewhat lower at day 1, and increased
at day 2. On days 3 and 7 the total number
of MWP was about the same as in the
MnO, exposed animals.

In summary, the results show that a
decreased phagocytic capacity of the popu-
lation of pulmonary macrophages can be

found in animals exposed to Enterobacter
in combination with MnO, The occur-
rence in time of this decrease is dependent
upon when Enterobacter is given. The
decreased capacity is more pronounced
in animals exposed to E; + M and M +
E, For the E; + M group, the phagocytic
capacity was decreased immediately after
MnO, exposure, and this reduced capacity
persisted for 3 days. In the M + E; group,
the same effect occurred 24 h after the
Enterobacter exposure. In animals ex-
posed to Ej; + M hardly any effect was
found, even if the total number of MWP
was highly increased during the 2-day
period after MnO, exposure.

CLEARANCE OF VIABLE BACTERIA

Table 8 reports the number and propor-
tion of E. cloacae remaining in the lungs
of control animals and MnO, exposed
animals at different times after exposure.
The clearance pattern is illustrated in fig.
5.

It is seen that a lower percentage of
viable bacteria remained at 1 h in the
MnO, group as compared to control ani-
mals. At 3, 5 and 24 h after bacterial ex-
posure, a higher percentage of bacteria
remained in the lungs of the MnO, ex-
posed animals.

Table 7. Macrophages containing manganese dioxide (MnQg) particles at various times after
exposure. The data are presented as the percentage (/o) and number (n) of macrophages with
particles (MWP). (Ei + M = animals exposed to Enterobacter 1 day prior to MnOs; Eg + M =
animals exposed to Enterobacter immediately before MnOz; M + E¢ =animals exposed 1o
Enterobacter immediately after MnOgz; N = number of animals: M = mean number of macro-
phages; figures in parentheses = standard deviation)

Days MnOs Ei +M Eo+ M M + Eg
after B
MnOg N M MWP N M MWP N M MWP N M MWP
expo- —_— —_ _— —_———
suxl?e 0o n /o n /o n 95 n
0 23 46 54 25 9 231  33%x% ygrEs 5 232 41 gH*EE 6 39 47 18%*
(14 (6 (12)  (28) (9 (13) (5
1 19 127 47 60 9 172 25%¥x 43% 5 608 30% 182%** 8 371 12%** 45
13 amn 12) (21 (9 (55 (6) (22)
2 18 114 36 41 6 219 22% 48 5 579 37 214%%% 19 481 13%¥* §3*
(13) (1% 7 (19 (15)  (87) (7 (39
3 26 172 34 58 9 210 16%*F  34%* 4 265 24 64 12 400 14%%*% 56
(14)  (24) (5 (11) (8 (@21 (4 (16)
7 11 185 15 28 6 149 9 13 4 206 22 45 6 272 6% 16
(9 an (6 (9 11y (23) (3 (8

*p <005, ** p<0.01; *** p<0.001.
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Table 8. Clearance of viable Enterobacter cloacce in unexposed animals and in animals exposed
to manganese dioxide (MnOsy) for 24 h. The data represent the mean number of colonies in
a two tenfold diluted sample of lung homogenate at different times after exposure. Each
datum represents a mean value from 9 animals except for the 24 h values where data are based
on 4 animals. ("o = the percental retention of bacteria; figures in parentheses = standard

deviation)
Hours after Controls MnOgz Exposed
Enterobacter Colonies Retention Colonies Retention
exposure /s) /)
0 177 (35.9) 100 (20.3) 170 (19.8) 100 (11.7)
1 146 (31.0) 82.1 (17.5) 88 (21.5) 51.5 (12.6)%**
3 20 (10.5) 11.2 ( 5.9) 50 (23.9) 29.5 (14.0)%*
5 5 (1.3 27 (0.7 23 (11.7) 13.3  ( 6.9)%**
24 1 (0.5) 0.7 (0.3) 3 (0.8 1.8 ( 0.5)%*
#op < 0.01; *% p << 0.001.
% Table 9. Degree of infiltration of leukocytes
100+ in lung tissue of individual animals at different
O controls times after manganese dioxide (MnOg) exposure
in exposed and unexposed animals. (— no in-
S ® MnO filtration; + occasional infiltration; ---+ rather
spread infiltration; -+ -+ -+ spread infiltration;
4+ 4+ + widespread infiltration)
50 i Days after
exposure Unexposed MnQOg exposed
° 0 — +
\ . +
5 o\ ++ +
-+ + + 4+
o , , B — +oF o+ o
[o] 1 3 5 24 1 — _—
hours ’“ -
-+ + 4
Fig. 5. Viable Enterobacter cloacae in lung A T
homogenates at various times after exposure. ++ +A -t
7 -+ +
+ +
+ 4+ + +
+++ + 4
+ 4+ ++ -+

In summary, the results show an in-
creased clearance of viable bacteria dur-
ing the first hour after exposure in the
MnQO, group, followed by a decreased
clearance at 3, 5 and 24 h.

CHANGES IN LUNG TISSUE AFTER
EXPOSURE TO MANGANESE DIOXIDE

Table 9 reports the results of the examina-
tion of lung tissue sections taken from
animals exposed to MnO, at different
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times after exposure and from unexposed
animals at corresponding times.

The table shows that the interindividual
variation was large within the two groups
at all the time intervals studied. High de-
grees of infiltration as well as no infiltra-
tion were found in both unexposed and
exposed animals. No differences were
found between exposed animals at dif-
ferent times after exposure.
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General discussion

METHODS

Methods of studying the lung clearance
of chemical, bacteriological or radioactive
materials have been described by several
authors and in reviews presented by Hatch
and Gross (32) and Holma (35). In one type
of study, the agent to be cleared is an inert
substance, and alterations in the clearance
of this substance have been used as a
method of studying the effect of exposure
to noxious agents. Examples of this type
of study are the experiments by Ferin and
Leach (24), who studied the clearance of
titanium dioxide (TiOy) particles in rats
after exposure to sulfur dioxide (SO,) and
nitrogen oxides (NO,), and by Bair and
Dilley (3), who used 59Fe,Oy and 5!CryOy
particles to study clearance in rats and
dogs exposed to cigarette smoke.

A second method is to investigate the
clearance per se of different agents; the
clearance kinetics of the agents used are
compared with regard to such factors as
particle size, solubility, and chemical
structure. Klosterkotter and Bunemann
(38), for example, studied in rats the clear-
ance of Si0, particles with different chemi-
cal and physical properties, TiO, and
alumina (Al,O,) particles. The differences
in clearance rates were explained in terms
of routes of elimination, initial dust loads,
particle size, solubility, and sex-linked
differential elimination rate.

In the present investigation a combina-
tion of these methods was used to
study clearance. Clearance of the
noxious agent, MnO,, was studied per se,
as well as in connection with Enterobacter.
In the experiments, one animal had to be
sacrificed at each time interval for the
analysis of the content of MnO, in the
lungs. The reasons for choosing this
method were several, i.e., it offered the
possibility of studying both the retention

and the free lung cell response in the same
animal, it is also a relatively simple
method, and the equipment is not very
costly. Some of the disadvantages of the
method must be noted as well. The
clearance could not be followed in the
same animal and, consequently, a larger
number of animals had to be used so that
errors due to biological variation among
the animals could be reduced. Also, the
technique is rather time consuming, as
multiple experiments had to be performed
for reproducible results.

To generate the MnO, aerosol, a Rag
Pe generator was used. The generator has
earlier been used in studies by Rylander
et al. (63) and Rylander and Bergstrom
(61), and the technical characteristics have
been described by Hellstrom (34). This
method was employed because it made the
production of a rather stable aerosol pos-
sible, in terms of both concentration and
particle size, throughout the experiments.
This stability is verified by the analysis
of the dust aerosol. In comparison to other
dust generators, such as the Wright dust
feed mechanism described by Wright (76)
and used by several authors, such as Maig-
retter et al. (45) and Bingham et al. (10),
the Rag Pe generator had the advantage
of being simple to operate and low in cost.

The atomic absorption spectrophoto-
metry used to analyze MnO, in biological
material is a reliable and well established
technique for the determination of the
content of metals in biological tissue.
It was considered to be the best method
for the present investigation for the detec-
tion of small amounts of mangenese re-
tained in lung tissue at different times
after exposure.

Biological variations must be taken into
consideration in animal experiments. If
the same animal is used for the study of
clearance during a certain period of time
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(35, 48), the statistical variation is minim-
ized. In order to study both clearance and
the free lung cell response, as in the pres-
ent, study, it was unfortunately not pos-
sible to use the same animal. However, so
that the number of animals needed for
reproducible results would be reduced,
care was taken to use only high quality
animals who were free from upper res-
piratory infection. The importance of us-
ing such animals in inhalation toxicology
experiments was also pointed out in the
work of Rylander (59).

The number of free lung cells in the
airways can be influenced by different in-
haled agents, as has been demonstrated
earlier (10, 11, 25, 30, 40, 60). Certain
aspects of the role of free lung cells, as
well as their quantitation and regulation,
was described by Brain (12). The tech-
nigue of lung lavage, the definition of free
lung cells, and the interpretation of the
results differ among the authors. In this
study, the free lung cells were defined as
the number of alveolar macrophages and
leukocytes determined in the lavage fluid
by a standardized light microscope count-
ing technique. The leukocytes were
mainly comprised of polymorphonuclear
leukocytes, most of them neutrophils and
eosinophils. Less than 10 %o of the total
cell population consisted of monocytes or
lymphocytes, and the number was not
affected by the exposures undertaken. A
more-detailed  differentiation  between
these cell types could not, however, be
made with the technique used.

As an index of the phagocytic capacity
of alveolar macrophages, smears of lung
lavage cells were evaluated with a
count of macrophages with five or more
phagocytized particles. With this method,
information can be received on the relative
number of macrophages engaged in the
phagocytosis of MnO, particles deposited
in the lung. This procedure was chosen
in order to minimize methodological er-
rors, as it was seen in a pilot study that
about 20 % of the macrophages in control
animals contained up to four particles.

A drawback of this method is that only
macrophages with five or more particles
were counted. Another method to mea-
sure the rate of particle phagocytosis in
vitro by rabbit alveolar macrophages was
described by Myrvik et al. (49) and modi-
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fied by Lundborg and Holma (44). In this
method, the particles to be studied were
added to a macrophage suspension, and
the number of particles per macrophage
was counted after incubation at 37° C for
1.5 h. The method has more recently been
used by Camner et al. (16) to study the
effect of a subacute aerosol exposure to
nickel (Ni) in rabbits. In their study the
authors used the number of Ag-coated
S5-um teflon particles phagocytized per
macrophage as an index of the rate of
phagocytosis in the exposed and control
animals. Although the described method
makes it possible to study the phagocytosis
of single particles and is thus a more sensi-
tive method than the one used in the pres-
ent experiment, the present method was
chosen because it offers a way of studying
the phagocytosis of the inhaled agent per
se in vivo.

The technique used to study the clear-
ance of viable bacteria has been previously
described in detail, and methodological
studies have shown it to be accurate and
the results to be reproducible (57).

Histological examination of lung sections
was performed from control and exposed
animals and the degree of leukocyte infil-
tration was used as an index of response.
This criterion was chosen as other authors
— Lloyd Davies (42), Levena and Ro-
bachevsky (41), Zaidi et al. (77) and
Maigretter et al. (45) — reported on slight
to intense leukocyte infiltration in MnO,
exposed animals.

Finally, inhalation was the method
selected to administer MnOy into the ani-
mals’ lungs. This method is preferable
to intratracheal administration in lung
clearance studies because it offers a more
realistic exposure situation. An intra-
tracheal injection results in a sudden ap-
plication of a dose which may overwhelm
the lung clearance mechanism and open
up other clearance pathways and may thus
affect the clearance rate of the agent
administered. Furthermore, the distribu-
tion of the injected agent in the lung will
presumably be nonuniform and will result
in differences in burden from one part of
the lung to another.
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RESULTS

Lung clearance

The results from the investigation have
shown that the clearance of MnOy from
the lungs of guinea pigs under the condi-
tions of the experiments is rapid and is
almost terminated 7 days after exposure.
In earlier studies by Morrow et al. (48)
a biological half-time of 38 days was re-
ported when dogs were exposed to tagged
34MnQ, particles in a concentration of
0.5 mg/m? and a particle size of 0.07 um
(CMD). In other experiments on humans
(47) a half-time of 65 days was found
during a measurement period of up to 120
days after exposure to 4 mg/m? with a
particle size of 0.9 um (MMD). These
particles were considerably smaller than
those used in the present study.

The previously cited study by Maigretter
et al. (45) was performed using MnO,
particles of a size distribution which was
similar to the one used in the present
study. The authors found that 30 % of an
initially deposited amount of 95 mg/g of
lung was cleared in mice 5 h after ex-
posure and about 98 o after 14 days.
Although a different animal species was
used, the findings agree with the results
of the present investigation.

The reason for the discrepancy between
the present results and those of Morrow
et al. may be due to differences in the
particle size distribution of the aerosol
used. It is known that larger particles, as
used in the present experiments, favor a
deposition in the upper part of the respira-
tory tree (70), ie. in the ciliated region,
where the particles are deposited on the
mucous layer and subsequently rapidly
cleared by the mechanical clearance mech-
anism.

It is also conceivable that the difference
in the amount of material deposited in the
pulmonary region has influenced the
clearance. In the present experiments the
mean initial lung burden was 430 ug
MnO,/g of dry lung in comparison to the
80 ug reported by Morrow et al. (48). La
Belle and Brieger (39, 40) showed that a
high initial lung burden might alter the
clearance rate in comparison to a low
initial Iung burden. A possible explana-
tion, suggested by Klosterkétter and Bune-

mann (38), Morrow (46), and Ferin (23),
is that a higher dose level might open up
clearance pathways via the lymphatics
and result in faster clearance.

In some of the present experiments an
attempt was made to analyze MnO, con-
tent in the tracheal lymph nodes of the
guinea pigs at different times after ex-
posure using the same method as used for
the lung determinations. No MnO, could
however be detected.

The clearance of MnO, from the lungs
of exposed animals was affected by ex-
posure to Enterobacter. For animals ex-
posed to Enterobacter one day prior to
MnO, the clearance was decreased up to
three days after MnO, exposure. The
time of bacterial exposure in relation to
the time of particle exposure seems to be
crucial for the effect on clearance. The
tentative results from the pilot study, in
which animals were exposed to bacteria
immediately before MnO,, indicate no
significant difference in clearance in com-
parison to MnO, exposed animals. How-
ever, when Enterobacter was given imme-
diately after MnO, exposure, a tendency
toward an increased clearance was no-
ticed. The data from the pilot experi-
ment are limited, and additional experi-
ments must be performed before a definite
conclusion can be drawn.

Previous experience concerning the ef-
fect of Gram-negative bacteria, or their
endotoxins, on the reticuloendothelial
system and subsequent effect on particle
clearance have been reported by Bena-
cerraf and Sebestyen (7). The authors
found that the clearance of injected carbon
particles from the blood was decreased in
rabbits which had received a small dose
of endotoxin intravenously prior to the
carbon particles. The decrease was maxi-
mal at 12 h and still observed one day
after endotoxin administration. On day
two a change to an increased clearance
took place.

In the present study the data on Entero-
bacter exposure at different time intervals
indicate that, in animals exposed to
Enterobacter one day prior to MnO,, the
decrease in clearance was maximal
three days after Enterobacter exposure,
slightly decreased at four days and still
decreased at five days. The times when
a decrease in clearance was seen do not
agree with the results from Benacerraf
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and Sebestyen’s study. The reason for
the discrepancy between the studies is not
clear, However, factors like route of
administration, type of endotoxin used,
and species variation are probably im-
portant. From a principal point however,
the results support each other in that
Gram-negative bacteria influence the
clearance of particles in the body and
that the effect is related to time of ex-
posure,

Macrophages

In the present experiments a decrease in
the number of macrophages was seen
immediately after the 24-h exposure to
MnO,. Waters et al. (75) reported that,
in an in vitro system, manganese reduced
both the number and the viability of al-
veolar macrophages. Bingham et al. (8)
reported a decreased number of alveolar
macrophages in the lungs of rats after a
subacute exposure to lead sesquioxide
(Pb,0y) lasting up to 12 months. In a later
work the same author (9) showed that the
number of macrophages was decreased
significantly after one day of exposure
to 150 ug Pby,Oy/m? and the number
remained low for the duration of exposure
(three months). When rats were exposed
to nickel oxide (NiO) for two weeks (11),
a significant increase in the number of
macrophages was seen. The reason for
the alterations in the number of macro-
phages after exposure to different agents
is unknown. However, as they are of
importance for lung defense against par-
ticles, any alteration in the normal number
of cells could be taken as an indicator
of an unwanted effect.

At one and two days after exposure to
MnO, the number of macrophages was
about the same as in control animals, but
it changed to a significant increase at three
and seven days after exposure. These
results are almost consistent with the
findings of Bingham (9). She showed that
the decreased number of macrophages
seen in animals exposed to PbyOy for three
weeks returned to the level of control
animals after three days of breathing fil-
tered air, The author did not, however,
report whether an increase was seen again
at a later time after exposure. The find-
ings suggest that the initially observed
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effect is reversible and, in the case of
MnO,, accumulative with time after ex-
posure.

La Belle and Brieger (40) stated that
there was a correlation between the num-
ber of free phagocytic cells and the rate of
lung clearance, i.e., a higher number of
cells resulted in an increased clearance
rate. In their experiment no determina-
tions were made concerning the phago-
cytic activity of the cells.

Fisher et al. (26) exposed rats to an
aerosol of ¥FeyOy particles and measured
the lung clearance for up to 50 days. At
various times before and after particle
exposure Freund's complete adjuvant
(FCA) was administered to the rats. The
authors found that clearance was increased
when the animals were treated with FCA
one, two and three days before particle
exposure. The clearance was only slightly
increased when FCA treatment was given
seven days prior to exposure and not
affected when FCA treatment was admin-
istered either after or 14 days before
particle exposure. FCA treatment re-
sulted in a significant increase in alveolar
macrophages, as judged by lavage. How-
ever, the authors were not able to conclude
that a cause and effect relationship
existed between the increased clearance
and the number of macrophages. The
results strongly indicated that the time
between FCA treatment and particle ex-
posure was a more important factor than
the total number of macrophages with
respect to the effect on clearance rate.
These findings partly agree with the
results of the present experiments.

Fisher concluded also that the number
of macrophages was not necessarily pro-
portionally related to the phagocytic ac-
tivity of inhaled particles; this conclusion
also agrees with the results of the present
experiments,

Concerning the measurements of macro-
phages with particles (MWP), the results
from the present experiments show that
there is a significant increase in the num-
ber of MWP one, two and three days
after MnO, exposure. At the same times,
however, there is a decrease in the pro-
portion of MWP which is indicative of a
relative decrease in phagocytic capability.

These findings indicate a toxic action
of manganese on the macrophages. This
conclusion is in accordance with results

-



b

reported by Graham et al. (29), who
showed that MnO, impaired the phago-
cytic activity of rabbit alveolar macro-
phages in vitro.

The increase seen in the number of
MWP in the present study is explained by
the higher total number of macrophages.
This increase in the number of phagocytic
cells might be a compensatory mechanism
for the decreased phagocytic capability.

The decreased proportion of MWP could
reflect a mobilization of more immature
macrophages with a decreased capability
to phagocytize particles in animals ex-
posed to MnO,. Bingham et al. (10) have
shown that the number of small (< 10 um)
macrophages in lung washings from rats
exposed to coal dust was increased over
the number in controls, and they suggested
that more immature macrophages were
found in exposed animals. This phenome-
non could not be ascertained in the
present study because no cell size measure-
ments were made.

A depressive effect on the phagocytic
cell population was seen in animals ex-
posed to Enterobacter in conjunction with
MnO,. The effect seemed to be related
to the time of Enterobacter exposure. A
combined exposure to Enterobacter and
MnO, resulted in a relative decrease in
the phagocytic capability of macrophages
which was more pronounced than in ani-
mals exposed to MnO, only. In the com-
bined exposed groups no general pattern
of increase in the number of MWP, as
seen in the MnO, exposed animals, was
found.

When data from the clearance studies
are compared with data on the number of
MWP, it is seen that, although the number
of macrophages was increased at one and
three days after MnO, exposure in the
E; + M group, a decreased clearance was
seen in comparison to MnO, exposed ani-
mals. However, at the same times, a
decreased phagocytosis was seen in the
E; + M group.

From the present findings it is suggested
that, for the full understanding of macro-
phage clearance capacity, determinations
are required of their functional activity
in addition to the number of cells. It is
thus conceivable to suggest that not only
the presence but also the phagocytic func-
tion of macrophages is an important factor
which determines the efficiency of the

clearance mechanism and that both fac-
tors are altered by the action of MnO,
alone or in combination with Enterobacter.

Leukocytes

With reference to the number of leuko-
cytes present at different times after ex-
posure to MnO,, an increase was noticed
one and three days after exposure. This
wave pattern of response was also found
in another study (Rylander and Snella,
unpublished data), in which animals were
exposed to solvents and lipopolysacharides
in a subacute experiment. An explanation
for this type of response could not be giv-
en, however.

The mechanism behind the leukocyte
mobilization into the airways is not entire-
ly clear. One possible mechanism is the
mediation of mobilization through macro-
phages in connection with their uptake of
dust particles. When macrophages take
up particles, lysosomal hydrolases are
released (65) causing, among other things,
activation of complement via the indirect
pathway. The C 3 b factor then formed is
a leukotactic agent, and it could be respon-
sible for inducing the mobilization of leu-
kocytes. The increased number of leuko-
cytes in the airways could thus represent
an early-phase inflammatory reaction.

In animals exposed to Enterobacter an
increase in the number of leukocytes:is
seen one day after exposure in comparison
to unexposed or MnO, exposed animals.
This reaction has been reported earlier
by Rylander et al. (62). The authors found
a large increase in the number of leuko-
cytes 24 h after a short-term exposure to
Gram-negative bacteria, including Enter-
obacter, or water extracts from different
organic dusts. When studying the differ-
ent bacteria species found in the water
extracts, the authors found that endotoxin-
producing strains caused the greatest ef-
feot.

In comparison to animals exposed to
Enterobacter, only a combined exposure
to Enterobacter and MnO, resulted in a
significant increase in the number of
leukocytes two and three days after
Enterobacter exposure. It thus seems as
though the presence of MnO, in the macro-
phages causes a predisposition for a more
pronounced leukocyte response to the
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bacteria than when the bacteria are given
alone.

The preceding discussion demonstrates
that a simultaneous exposure to bacteria
increases the pulmonary response to MnO,
and that this effect is dependent upon the
time between the exposures. This finding
is supported by data from Maigretter et al.
(45). In their experiments on mice the
highest effect was found when the animals
were challenged with Klebsiella peneumo-
nie 5 h after MnO, exposure or when
they were exposed to influenza virus 48 h
before MnO,, as compared to when the
animals were challenged with the bacteria
1 h after MnO; or with virus 24 h before
MnO,. From the experiments the authors
concluded that the longer the period be-
tween challenge 1o the infectious agent
and the dust exposure, the higher the level
of response. In the present experiments
the highest response was seen when bac-
teria and MnO, were given simultaneously.

Although there are discrepancies be-
tween Maigretter’s study and the present
results, the time factor per se was shown
to be crucial in both studies. The discre-
pancies might depend on the type of in-
fectious agent used.

Clearance of viable bacteria

The studies on the clearance of viable
bacteria show a significantly greater clear-
ance of bacteria in animals exposed to
MnO, 1 h after exposure to bacteria and
a decreased clearance at 3, 5 and 24 h.
Immediately after MnOy, exposure the
number of macrophages is decreased and
the number of leukocytes is about the same
as in unexposed animals. In an experi-
ment reported by Rylander et al. (62),
animals exposed to a water extract of
cotton dust 24 h prior to the bacterial ex-
posure showed a significantly increased
clearance of wviable bacteria 1 h after
bacterial exposure in comparison to unex-
posed animals. At that time the number
of leukocytes, but not macrophages, was
increased in the animals treated with dust
extract. The authors concluded that the
increase in clearance could be due to an
increased number of leukocytes. Whether
this increase in clearance was due to the
increased number of leukocytes as such
— or to a secondary stimulation of macro-
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phages — was not investigated. In the
present experiments no increase in the
number of leukocytes was seen when a
faster clearance of viable bacteria was
present. Thus, factors other than the
number of leukocytes must be important
to the increased clearance of viable bacte-
ria observed during the first hour after
exposure,

Rylander (57) has shown that, in guinea
pigs exposed +to Escherichia coli, the
mechanical elimination of the viable bac-
teria, mainly via the mucociliary transport
system, is responsible for about 50 % of
the total clearance during the first hour.
It might therefore be suggested that the
increased clearance seen during the first
hour in the present experiments was
primarily due to an increased mechanical
clearance that was stimulated by the ex-
posure to MnO,. It is possible that the
bactericidal clearance during the same
time period was in fact decreased, although
this effect was masked by the increased
mechanical clearance.

The decreased clearance of viable bac-
teria seen 3, 5 and 24 h after bacterial ex-
posure in MnO, exposed animals reflects
an effect on the bactericidal elimination
mechanism. This finding is supported by
the results presented by Rylander (57),
who showed that between 1 and 2 h after
exposure to wviable bacteria mechanical
elimination only accounted for 8 %o of the
total reduction of viable bacteria. At 24 h
after MnO, exposure, the total number of
MWP as well as the number of macro-
phages and leukocytes was significantly
increased in comparison to the wvalues
immediately after exposure. On the other
hand, the proportion of MWP was lower
at 24 h, and this phenomenon indicates
a decreased phagocytic capacity of the
macrophage population. The results thus
suggest that the function of the phagocytic
cells, and not the number of the cells, is
of primary importance also for the bacte-
ricidal elimination mechanism.

In the present study a decreased bac-
tericidal capacity was found in animals
exposed to MnQO,. The contradictory con-
clusions in the reports by Heine (33) and
Lloyd Davies (42) are probably due fo
differences in experimental methods. The
mortality rate of exposed animals and
histological changes in tissue reactions are
less sensitive indicators of an exposure
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effect than the direct measurement of the
bactericidal capacity of macrophages that
was used in the present study.

Histology

Concerning histological examinations of
lung tissue in animals exposed to MnO,
via inhalation, slight to intense leukocyte
infiltration was found in lung tissues from
rabbits (36) and mice (42, 45). The expo-
sure time varied between 4 and 20 days.
Contradictory findings were reported by
Erishmann (21) and Heine (33). In experi-
ments on rabbits and cats, Ehrishmann (21)

- did not find any pneumonia or pneumo-

coniotic changes in the lungs of the ani-
mals after exposure to MnO, dust for up
to 15 months. No criteria was, however,
given for the histological evaluation. Ac-
cording to Heine (33), no pathological
changes in the lungs of guinea pigs were

seen after exposure to ferromanganese
dust for up to 200 days.

In the present experiments a large
interindividual variation in the degree of
leukocyte infiltration was present among
MnO, exposed and control animals; no
difference was found between the groups.

The contradictory experiences from the
literature and the present findings suggest
that factors such as duration of exposure,
concentration of the MnO, aerosol, and
animal species might be responsible. As
extensive alterations in the number of
macrophages and leukocytes, as well as
their functioning, were present at times
when no clear-cut histological findings
could be demonstrated, it can also be
suggested that data from histological eval-
uations of lung tissue are poor indices of
the acute pulmonary effects of MnO, and
that, in studies based only on histological
evaluations (21), the acute pulmonary ef-
fect might have been overlooked.



Conclusions

An evaluation of earlier experiences re-
ported in the literature and the results
from the present experiments support the
concept that a primary inflammatory reac-
tion can occur in the respiratory fract
after exposure to MnQO, without the
presence of pathogenic bacteria. This
reaction, which is of a limited duration
after an acute exposure, is related to the
property of the MnO, dust to induce
pathological reactions via the cellular ele-
ments normally present in the lung. The
reaction pattern also explains the in-
effectiveness of usual antibiotics used for
pneumonia treatment in the acute phase
after MnO; exposure.

The pulmonary reaction after MnO,
exposure is more pronounced in lungs
challenged with bacteria. In the present
experiment the maximum response oc-~
curred when the bacteria were admin-
istered simultaneously with the MnO,
particles.  For other bacterial species
other time relations between the expo-
sures will give a maximum reaction.
Earlier findings have suggested that
exposure to MnO, causes a decrease in

the resistance toward certain respiratory
infections. The present findings that the
bactericidal clearance mechanism is de-
creased after MnQO, exposure support these
observations. Consequently, certain of the
earlier observed cases of manganese pneu-
monia might have had a bacterial genesis,
particularly among population groups
where exposure to MnO, is low and the
risk for airborne infection high. The
findings thus underline that it is important
in future studies on manganese pneumonia
to differentiate between bacterially and
chemically induced pulmonary reactions.

Based on experiences in the literature
and the present findings, the following
practical recommendations can be made:

1. Precautions should be taken against
exposure to MnO, both in the general and
work environments.

2. Workers exposed to MnO, should be
examined for specific respiratory symp-
toms regularly.

3. For the clarification of unclear cases
of pneumonia, the work environment
should be investigated for the presence of

airborne MnOs,.




Summary

This work was initiated to study the
effects of acute manganese dioxide
(MnO,) exposure on the lung.

A review of the literature showed that
information on the pulmonary toxicity of
MnO, is incomplete and sometimes con-
tradictory, especially with respect to acute
pulmonary cell responses, which take
place in the lung immediately after ex-
posure via inhalation, and their relation
to the development of acute pneumonia.
Contradictory findings have also heen
reported concerning the role of bacteria
and their synergistic action with MnO; in
the development of pulmonary effects.

With reference to results reported in
earlier experimental investigations, it was
considered important to study the follow-
ing factors involved in the acute pulmo-
nary action of MnOs:

— the pulmonary clearance of MnOs,,

— the number of free lung cells present
in the airways after an acute exposure

. to MnOs,,

- the phagocytic activity of the alveolar
macrophages at different times after
exposure to MnO,, and

— the effects of an exposure to bacteria
on the clearance of MnO, the in-
flammatory response, and the phago-
cytic activity of alveolar macrophages.

For the clearance measurements, guinea
pigs were exposed to an aerosol of MnO,
for 24 h; whereafter the amount of MnO,
was determined in the lungs for up to
seven days. Determinations of phagocyt-
ic capacity and the presence of inflamma-
tion were performed by counting the
number of macrophages and polymorpho-
nuclear leukocytes in lung lavage fluid.
The phagocytic capacity of alveolar mac-
rophages at different times after expo-

sure was determined by a count of the
number of macrophages containing par-
ticles.

Clearance of inhaled viable bacteria
was measured in animals exposed to an
aerosol of Enterobacter cloacae. The
number of viable bacteria was deter-
mined in homogenates of the lungs at dif-
ferent times up to 24 h after exposure.

In the study of the influence of a bac-
terial exposure on the clearance of MnO,,
as well as on the inflammatory response
of the lung and the phagocytic activity
of macrophages, animals were challenged
to an aerosol of E. cloacae before or after
MnO, exposure.

The results from the investigation
showed that the clearance of MnO, from
the lungs of guinea pigs was rapid. At
seven days after exposure nearly all the
MnO,; had been cleared.

The number of macrophages was sig-
nificantly decreased immediately after
MnO, exposure; whereafter a successive
increase took place during the following
seven days. The increase in the number
of leukocytes followed a wave pattern
response with peaks at one and three days
after MnO, exposure.

About 50 % of the macrophages con-
tained phagocytized particles immediately
after exposure. The proportion then de-
creased to 15 % at seven days after expo-
sure.

An increased clearance of viable bac-
teria took place at 1 h after bacterial ex-
posure in animals preexposed to MnOs,,
indicating an increased mechanical clear-
ance. At 3,5 and 24 h after the exposure,
a significant decrease in the bacterial
clearance was present.

The pulmonary reaction after MnO,
exposure, with regard to the effects on
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clearance,
phagocytic capacity of macrophages, was

number of free lung cells and

more pronounced in lungs
with Enterobacter cloacae.

The clearance of MnQOp Wwas decreased
at one and three days after exposure in
animals exposed to Enterobacter 24 h
pefore the MnO, exposure.

The number of macrophages and leuko-
cytes was increased at two days after expo-
sure to manganese dust in the combined
exposed groups in comparison to the groups
exposed to either agent alone. The results
indicated a synergistic offect. The magni-
tude of the response was more pronounced
in animals challenged with bacteria in
immediate connection to MnO, exposure.

The phagocytic capacity of the popula-
tion of alveolar macrophages was de-
creased in animals exposed to bacteria in
combination with MnOs.

The depressive effect of MnOy
phagocytic capacity of alveolar

challenged

on the
macro-

phages was more pronounced in animals
exposed to bacteria in combination with
Mn02

The present findings, supported by ear-
lier experiences reported in the literature,
suggested that a primary inflammatory
reaction of limited duration can occur in
the respiratory tract after exposure to

A more pronounced pulmonary reaction
occurred after a combined exposure to
MnO, and bacteria. The level of this
synergistic response was dependent upon
the time intervals between exposures.

The bactericidal clearance mechanism
was depressed after MnO, exposure. This
observation  supports earlier findings
which suggest that exposure to MnOq
causes a decrease in the resistance towards
certain respiratory infections.

1t is finally suggested that precautions
should be taken against exposure to MnO,
in the work, as well as the general, en-
vironment. Exposed workers should be
regularly examined for specific respira-
tory symptoms. Unclear cases of pneu-
monia should be investigated with refer-
ence to exposure to airborne MnOs.
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Appendix

Table A — 1. Number of macrophages (mac.) at different times after manganese dioxide
exposure. TRE values represent means from 10 animals at each time. (MnOg = manganese
dioxide exposure only; E{ -+ M = Enterobacter 1 day prior to MnOg; Eg+ M = Enterobacter
immediately before MnOg; M + Eg = Enterobacter immediately after MnOg; TRE = time-related
number of macrophages for animals exposed to Enterobacter only; N = number of animals;
figures in parentheses = standard deviation)

Days MnOg B+ M Ey + M M + Eg
i;\l/gle(gg N No. of N No.of TRE N No. of TRE N No. of TRE
exposure mac. mac. mac. mac.
Controls 59 115 13 109 114 5 183 114 22 113 114
(62) (49 (78 (60) (78 (64) (178)
0 23 46 9 231 133 5 232 141 6 39
(31) (114) ( 54) (112)  (123) ( 41)
1 19 127 9 172 208 5 608 133 11 372 141
(70) (90) (133) (293) ( 54) (194) (123)
2 18 114 6 219 135 5 579 208 12 481 133
(62) (23) (52) (195)  (133) (184) ( 54)
3 26 172 9 120 4 265 135 12 400 208
(94) ( 65) (81) (52) (115) (133)
7 13 180 9 167 4 206 6 272
(63) (73) ( 52) ( 89)

Table A—2, Number of leukocytes (leuk.) at different times after MnOg exposure. TRE
values represent means from 10 animals at each time. (MnOp = manganese dioxide exposure
only; E{ + M = Enterobacter 1 day prior to MnOgz; Eg + M = Enterobacter immediately before
MnOg; M -+ Eg = Enterobacter immediately after MnOsz; TRE = time-related number of leuko-
cytes for animals exposed to Enterobacter only; N == number of animals; figures in parentheses
= gtandard deviation)

Days MnOg . B+ M Eo + M M + Ey
after
MnO2 N No. of N No. of TRE N No.of TRE N No. of TRE
exposure leuk. leuk. leuk. leuk.
Controls 59 74 13 53 108 5 126 108 22 67 108
(50) (28) (62) (85 (62 (45) (62
0 23 63 9 310 371 5 452 507 6 71
(38) (134) (226) (169)  (283) ( 66)
1 19 124 9 227 330 5 1325 371 11 1165 507
(79) (148) (190) (321) (226) (509) (283)
2 18 98 6 230 184 5 662 330 12 1260 371
(56) (146) ( 27) (214)  (190) (674)  (226)
3 26 151 9 119 4 244 184 12 600 330
(94) ( 50) (82 (27 (232) (190)
7 13 93 9 88 4 107 6 269
(37 ( 69) ( 26) (57)
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