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ABSTRACT

We sprayed a tungsten powder
(CaWO0,) into the airway of a single lobe
(left apical) of the dog lung in order to
study: (a) the kinetics of particle transloca-
tion from the bronchoalveolar lining to
hilar lymph nodes, and (b) the sorting in
lung lymph nodes of inhaled microcrystals.
We found that the transport of the tungsten
particles to the regional lymph node takes
at least 24 hours and reaches its peak at
day 7. In situ detection of tungsten by
elemental particle analysis of lymph node
sections by scanning electron microscopy
allowed precise mapping of the marker in
the node; the method was complemented
by light microscopy and thin-section elec-
tron microscopy of the same nodes. Virtu-
ally all of the lymph node tungsten was
located inside macrophages. The first tung-
sten-positive macrophages seen in the re-
gional lymph nodes (day 1 to day 3) were
restricted to the subcapsular space. This
was followed by massive filling of the same
sinus and of the narrow interfollicular
areas by the particle-laden macrophages
(day 3 to day 7). The even distribution of
the tungsten-bearing phagocytes found in
these anatomical regions of the node indi-
cated that the subcapsular area in the dog
was a continuous domain rather than the
segmented region observed in nodes of

common laboratory animals such as the
rat. By day 7 after tungsten instillation, a
moderate number of tungsten-positive ma-
crophages was also detected in the paracor-
tical region of the node. Finally, the pres-
ence of tungsten-bearing macrophages was
extended to the outer lymph node medulla
(day 7 to day 14); here, the macrophages
were located in association with cords of
plasmacytes and showed interdigitations
with these lymphocytes. Only minimal
amounts of tungsten were detected inside
lymphoid follicles in association with den-
dritic cells. Some of the tungsten initially
deposited in the airway of the apical left
lung lobe was detected in contralateral
hilar lymph nodes.

We conclude that: (i) particle translo-
cation from the alveolus to regional lymph
nodes is a slow process that is mediated by
pulmonary macrophages, in agreement with
the findings of Harmsen et al (Science
230:1277, 1985); (ii) in the lymph node,
particle-bearing macrophages are sorted
through narrow interfollicular sinuses into
the outer medulla where they interact exten-
sively with plasma cells; (iii) the migrating
macrophages cannot penetrate the follicu-
lar domains of the node; minute quantities
of exogenous particles may, nevertheless, be
transferred from macrophages to follicular
dendiritic cells; and (iv) contralateral drain-
age may be a feature of the lymphatic
system in the lung.
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The lymph node is a component of
the peripheral immune system of mam-
mals that participates in the defense
against particles and microorganisms that
penetrate the skin or the body’s mucosal
linings. These foreign elements are usual-
ly transported to regional lymph nodes
where an immune response may follow
their presentation to lymphoid cells (1).
The lymph node is organized into ana-
tomical domains that show immunophysi-
ological individuality as exemplified by the
well-established B and T-cell zones within
the node (2-4). Consequently, the defini-
tion of the sorting by the lymph node
tissue of exogenous components has been
the subject of a number of studies and of
some controversy (see, for instance, refs.
5-8). Current views on topography of the
lymph node domains are based primarily
on physiologic data derived from exami-
nation of lymph nodes after subcutaneous
injection of particulate tracers. In these
experimental models, a significant com-
plement of the injected particles reaches
the draining lymph node as free, extracel-
lular elements carried in by the lymph
flow. In the pulmonary system, in con-
trast, the elegant studies by Harmsen and
co-workers (9,10) revealed that airway
deposited particles are translocated intra-
cellularly by phagocytes that carry them
from the alveolus to the hilar lymph
nodes. Furthermore, they demonstrated
that the macrophage that engulfs the
particles at the bronchoalveolar lining is
the same cell that reaches the regional
node (9). This peculiarity of the sorting of
exogenous particles in the lung led us to
study the anatomy of hilar lymph nodes
after the experimental instillation of mi-
croparticles in the canine airway.

We report here on the time course
and topography of particle-laden macro-
phages within pulmonary lymph nodes of
the dog following the experimental instil-
lation of calcium tungstate in the airway
of the left upper lung lobe. Samples of
the hilar lymph nodes were studied as
follows: cell suspensions from lymph
nodes were evaluated using light micros-
copy for the presence of granulocytes and
tungsten-bearing macrophages; sections of

lymph node were examined using light
microscopy, transmission electron micros-
copy, and elemental particle analysis
coupled to scanning electron microscopy
for the localization of tungsten deposits.
The integration of the results obtained
with the different methods provided a
comprehensive view of the movement of
inflammatory macrophages into and with-
in hilar lymph nodes of the lung.

MATERIALS AND METHODS
Animals

Twelve male and female adult mon-
grel dogs were used. The dogs were
housed individually in kennels, fed stan-
dard commercial dog food, and had unre-
strained access to water. Food and water
were withheld overnight before anesthe-
sia.

Experimental Protocol

Dogs were anesthetized by intrave-
nous injection of sodium pentobarbital
(40mg/kg of weight) and the left bron-
chus was surgically exposed. The airway
of the apical left lobe of the lung was
sprayed with 5g of calcium tungstate
(CaWO,; Aldrich Chemical Company,
Inc., Milwaukee, W1, USA) upon the
cannulation of its lobar bronchus. We
chose CaWO, as the particle marker be-
cause of several advantageous features: 1)
It is a water-insoluble, non-antigenic dry
powder of an exceedingly rare component
of the normal breathing atmosphere; 2) it
is made up of tetragonal crystals that are
small enough (less than 10x in length) to
reach the alveoli; 3) it is readily identifi-
able by light microscopy because of its
autofluorescence and refringency (ex-
pressed by a yellow-green color); 4) it can
be specifically identified in scanning elec-
tron microscopic preparations upon ele-
mental detection of tungsten; 5) as it is a
heavy metal salt, it leads to electron
dense inclusions in thin section electron
microscopic preparations.

The dogs were divided into four
groups of two dogs each that were sacri-
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ficed 1, 3, 7, and 14 days after the
CaWO, instillation in the left upper lung
lobe. Two additional groups of two dogs
each were used to control the cytological
scoring of inflammatory granulocytes and
CaWO,-positive cells: the dogs of the first
group were left untreated; the dogs from
the latter group were sham-operated, no
calcium tungstate was instilled, and they
were sacrificed 14 days after surgery. The
study was designed up to 14 days after
lung instillation of CaWO, because this
time period is when the local immune
response reaches its peak in the dog
(11,12). All dogs were sacrificed by intra-
venous injection of a lethal dose of sodi-
um pentobarbital followed by exsanguina-
tion. Samples of the following hilar lymph
nodes were collected: left and right, up-
per and lower lymph nodes, and large
medial lymph node (located just under-
neath the tracheal bifurcation). A sample
of lung tissue was also collected and used
to check that a successful instillation of
CaWO, in the left upper lobe had been
achieved. The lymph node specimens
were processed for (1) light microscopy;
(2) thin-section electron microscopy; (3)
scanning electron microscopy.

Light microscopy

Cell suspensions of lymph node
tissue were obtained after the incubation
of finely minced samples in 0.5% colla-
genase, 10mM EDTA, 0.34M sucrose in
phosphate buffered saline (PBS), pH 7.4,
at 37°C for 1 hour, and used to obtain
cytocentrifuge slides that were stained
with Wright’s stain. The identification of
CaWO,-positive macrophages was deter-
mined based on the peculiar refringence
(yellow-green color) and on the autofluo-
rescence of CaWO, inclusions. The cyto-
centrifuge preparations were used to
determine the following quantitative pa-
rameters: (i) percent of granulocytes
present among the population of lymph
node phagocytes (macrophages, mono-
cytes and granulocytes); (ii) percent of
lymph node macrophages that contain
tungsten inclusions. At least 300 cells
were counted in each slide. Semithin (1-

173

2u) sections of Epon embedded samples
(see next paragraph) were also studied by
light microscopy to determine the posi-
tioning of tungsten-laden macrophages in
the lymph node tissue and, thus, confirm
the results obtained by elemental analysis
scanning electron microscopy.

Transmission electron microscopy

The lymph node samples were fixed
for 24 hours at room temperature in an
aldehyde mixture made up of 4% formal-
dehyde, 1.25% glutaraldehyde, and 10mM
CaCl, in 0.05M cacodylate buffer (13).
The specimens were washed in buffer,
and postfixed in 1% osmium tetroxide
and in 0.5% uranyl acetate (14), dehy-
drated through a series of graded ethanol
steps, and embedded in Epon. All resin-
embedded specimens were sectioned in a
LKB ultramicrotome and the thin sec-
tions stained with uranyl acetate and lead
citrate. The preparations were viewed in a
Siemens Elmiskop 1A or in a JEOL 100C
electron microscope.

Scanning electron microscopy

Aldehyde fixed and washed samples
(see previous paragraph) were dehydrated
in ethanols and critical-point-dried in a
Balzers apparatus using carbon dioxide as
the transitional fluid. The preparations
were coated by Au/Pt under vacuum and
examined in a JEOL ISM-35C scanning
electron microscope. The electron micro-
graphs were derived from secondary or
retrodiffused electrons, the latter mode
being used to detect tungsten in situ by
elemental particle analysis of the tissue
preparations.

RESULTS

Quantification of granulocytes and of
tungsten-laden macrophages in the hilar
lymph nodes

Cytocentrifuge preparations of cell
suspension were used to determine the
percentage of inflammatory cells present
in the hilar lymph nodes after CaWO,
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Fig. 1. Kinetics of inflammatory cells in the left upper hilar lymph node after tungsten deposition in the airway
of the left upper lobe of the dog lung. @ percent of granulocytes in the total population of lymph node
phagocytes; B macrophages containing tungsten inclusions (percent in total population of macrophages).

inhalation (Fig. I1). Few granulocytes were
detected in the regional lymph node of
the two dogs studied 24 hours after instil-
lation of CaWO, into the left apical lobe
of the lung. In fact, the percentage of
granulocytes in the total number of lymph
node phagocytes observed at 24 hours
(3%) was similar to the percentage (2%)
of granulocytes present in control dogs.
The lymph node granulocytes reached
their peak at day 3 (16%), and decreased
thereafter (7% at day 7; and 4% at day
14). Of the granulocytes observed in the
lymph node, few contained tungsten-posi-
tive inclusions: at day 3, for instance, less
than 10% of the granulocytes observed
presented tungsten inclusions. At day 3, a
few granulocytes (4%) were seen inside
large macrophages; these macrophages
were tungsten positive.

Tungsten was absent or very scarce
in the regional lymph node 24 hours after
tungsten spraying of the left apical bron-
chus. The percentage of tungsten-positive
macrophages detected in the regional
lymph node increased from day 3 (6%) to
day 7 (22%), and was found to be lower
at day 14 (14%; Fig. 1). It should be

taken into account, however, that at day
14 the tungsten inclusions appeared to
occupy a larger volume of the cytoplasm
in each tungsten-positive macrophage
than at day 7. After day 7, tungsten not
only was detected in the regional lymph
node but also in the medial tracheobron-
chial lymph node and in the right trache-
obronchial node (Table 1). Tungsten
inclusions were seldom found in the lower
hilar lymph nodes.

Table 1
Comparison of CaWO,-Positive
Macrophages Among Three
Differently Located Tracheo-
bronchial Lymph Nodes (LN) 3, 7,
and 14 Days After CaWO, Deposition
in the Airway of the Left Upper
Lobe of the Canine Lung

Day LeftIN  Medial LN  Right LN
(%) (%) (%)

3 510510 <5 0 0 0

7 >15>15 510510 0 0

14 10-15 10-15  10-15 10-15 <5 <S5
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Fig. 24 and B. Scanning electron micrographs of a subcapsular region of a lower left lymph node 7 days after
tungsten instillation in the airway of the upper left lobe of the lung. The elemental analysis mode picks up
a single tungsten-positive cell (arrowhead in 2A4; white spot in 2B) in a large tissue area. C=capsule. 24--low
magnification (x1450); 2B--high magnification of the area with the tungsten-positive cell (x8400).
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Fig. 3. Scanning electron micrograph of the cortex of regional lymph node 3 days after tungsten instillation
in the airway. The few large tungsten inclusions (white spots) are found in the interfollicular sinuses. A few
tungsten-positive cells reach the interface between the sinuses and the lymphoid follicles (arrowhead). x1350.
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Fig. 4. Scanning electron micrograph of a regional lymph node 7 days after tungsten deposition in the airway.
A high density of tungsten inclusions (white spots) is seen in the subcapsular and interfollicular sinuses of
the node. x1050.
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Fig. 5. Scanning electron micrograph of the cortex-medulla transition of regional lymph node 7 days after
airway deposition of tungsten. The metal inclusions (white spots) are concentrated at the paracortical region.
Light and small-sized tungsten deposition is observed in the follicle area (F). M =lymph node medulla. x470.
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Topography of particle-laden macrophages
in the lymph node

The distribution of tungsten-positive
macrophages in the different anatomical
domains of the regional lymph node was
studied by scanning electron microscopy
using elemental particle analysis to specif-
ically identify tungsten (with this analyti-
cal mode the tungsten deposits appeared
as white spots in scanning electron micro-
graphs). The method allowed the detec-
tion of very low quantities of tungsten as
exemplified by Fig. 24 and 2B from a
lymph node virtually devoid of tungsten:
here, just one single tungsten-positive cell
was present in a large area of a subcapsu-
lar sinus. At day 3, the few tungsten-posi-
tive macrophages seen in the regional
lymph node were located in the subcapsu-
lar area, sometimes in association with
trabecular extensions of the connective
tissue of the capsule that occasionally
continued into the lymph node cortex
(Fig. 3). At day 7 and 14 there was a
massive accumulation of tungsten-positive
cells in the subcapsular sinus; in these
samples we found an even distribution of
the tungsten-laden macrophages through-
out this area. A high density of tungsten-
bearing macrophages was also detected at
day 7 in the narrow interfollicular areas
of the lymph node (Fig. 4); a moderate
number of tungsten-positive cells was
observed in the medullary cords, and in
the paracortical zone, in particular where
the interfollicular sinuses joined with the
outer medulla (Fig. 5). In some lymph
nodes, the follicular domains contained
minute amounts of tungsten that were
scattered as small inclusions associated
with dendritic cells (Fig. 4). The diagram
in Fig. 6 summarizes our results on the
sequential topography of tungsten-positive
cells in the lymph node.

High magnification views of tung-
sten-positive areas of the lymph node
showed that virtually all inclusions were
intracellularly located. The tungsten bod-
ies were often segregated into a polar
patch at the periphery of macrophages,
rather than dispersed throughout cyto-
plasm (Figs. 7A and 7B). By thin section

177

Day 14

Fig. 6. Diagram that summarizes our topographi-
cal data on the sequential distribution of tungsten
in the lymph node (a saggital section of a lymph
node is depicted; the hilus is at the bottom of the
drawing). The tungsten inclusions are represented
by black dots; the distinct diameters of the dots
express differences found in the size of the tung-
sten intracellular inclusions.
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Fig. 7. High magnification scanning electron micrographs (a--routine SEM mode; b--tungsten detection by
the elemental analysis mode) of interfollicular domain of regional lymph node 7 days after airway instillation
of tungsten. One of the macrophages shown contains a single, large inclusion of tungsten (white spot in figure
b). By comparing the two images, it can be concluded that the intracellular inclusion is located at the cell
periphery. x18,000.

electron microscopy, the tungsten inclu-
sions showed a characteristic "paracrystal-
line" outline (Fig. 8 arrowhead). The
inclusions remained inside vesicles show-
ing a matrix with a heterogeneous elec-
tron-dense appearance suggestive of pre-
vious fusion of lysosomes with tungsten-
containing phagosomes (Figs. 8 and 9).

At day 7 and 14 numerous instances
of intimate surface contact between tung-
sten-positive macrophages and lympho-
cytes were found at the lymph node med-
ullary cords. Here, the lymphocytes asso-
ciated with tungsten-positive macrophages
often depicted the distinctive ultrastruc-
tural features of the plasma cell, i.e., a
striking hypertrophy of the rough endo-
plasmic reticulum and of the Golgi appa-
ratus. This appearance is illustrated in
Fig. 9 where a tungsten-bearing macro-
phage and a plasma cell interact through
intricate interdigitations of their plasma
membranes.

DISCUSSION

After instillation of calcium tungstate
(CaWO,) particles into the airway of the
left apical lobe, particle translocation to
the hilar lymph nodes of the dog lung
appears to be a slow process in that the
percentage of tungsten-positive cells de-
tected in the lymph node was minimal or
absent at 24 hours, moderate at day 3
(6%), and reached its peak at day 7
(22%). The slow sorting of exogenous
particles from lung to regional nodes is
possibly due to the rarity of lymphatic
vessels at the alveolar septa (15-18). The
paucity of alveolar lymphatic pathways
requires particle transport by macrophag-
es through mesenchymal tissue until the
first available lymphatic capillaries are
reached at the respiratory bronchiole. In
other words, alveolar-lymph node translo-
cation of particles requires phagocytosis,
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Fig. 8. Thin section micrograph of a parafollicu-
lar macrophage of the regional lymph node 7
days after tungsten instillation in the lung airway.
Several tungsten-containing vesicles are observed;
the metal has a ‘paracrystalline” appearance
(arrowhead). The vesicles have a heterogeneously
electron dense content that is suggestive of previ-
ous fusion with lysosomes. x12,000.

and interpretation in accordance with the
results of Harmsen et al (9).

Besides tungsten-positive macro-
phages, we also found an increased num-
ber of granulocytes in the hilar lymph
node at day 3 after CaWQ, instillation.
The relative contribution of these granu-
locytes to the transport of the tungsten
salt is probably small since we seldom
saw tungsten-positive granulocytes in the
lymph node. The granulocytes reached
the lymph node before the arrival of the
first tungsten-positive macrophages. Pha-
gocytosis of the granulocyte by the mac-
rophage at inflammatory sites may en-
hance activation and antimicrobial capaci-
ty of the macrophage (19-21).

In addition to the regional, apical
left lymph node, tungsten was also detect-
ed, at day 14, in the large medial and in
the right upper node. This finding sug-
gests the presence of contralateral lym-
phatic drainage pathways in the pulmo-
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nary system, an arrangement that may
explain the bilateral spread of infectious
agents and tumor cells in the lung
(2223).

Based on the in situ detection of
tungsten in hilar lymph nodes by scanning
electron microscopy, we outlined a se-
quential mapping (see Fig. 6) of the
lymph node domains where metal parti-
cles became sorted. Virtually all of the
lymph node tungsten was inside macro-
phages, a finding confirmed by light mi-
croscopic analysis of Epon-embedded
samples and by thin section electron
microscopy. The subcapsular space was
the first region of the node to receive
tungsten-positive macrophages. The even
distribution of macrophages in this area
indicated that this site was continuous in
the dog node contrary to the rat (6). The
interfollicular trabecular sinuses were the
pathway used by migrating macrophages
to reach the medullary zone. The sinuses
were narrow and conceivably slowed the
sorting of subcapsular macrophages in the
medulla. Moderate numbers of particle-
bearing macrophages were also detected,
in the paracortical domain of the node, a
T-cell dependent region (3), and within
the medullary cords, a B-cell differentia-
tion region. In the latter domain (the
medullary cords) there was intricate cell-
to-cell interactions between tungsten-
positive macrophages and plasma cells.
The biological significance of this exten-
sive interaction was difficult to assess
because tungsten was a non-antigenic
clement. Nonetheless, the exuberance of
these intercellular contacts deserve fur-
ther investigation.

Some of the lymphoid follicles con-
tained tungsten, albeit in scattered and
minimal amounts. These small quantities
of tungsten were associated with dendritic
cells. Because penetration of lymphoid
follicles by tungsten-positive macrophages
was not observed it was likely that, in the
lymph node, tungsten was transferred in
small amounts from parafollicular macro-
phages to follicular dendritic cells. These
findings and interpretation are in contrast
with previous studies in the mouse and in
the guinea pig describing a massive pene-
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Fig. 9. Thin section electron micrograph showing intimate surface interaction
between a tungsten-containing macrophage (top of the figure) and a plasma cell
(bottom of the figure) at a medullary cord of the lymph node. A fingerlike
extension (arrow) of the plasma cell cytoplasm is encircled by the macrophage
(two other macrophage-embraced prolongations of the plasma cell are seen on
the left side of the figure). Note the characteristic hypertrophy of the rough
endoplasmic reticulum and of the Golgi apparatus in the plasma cell, and the
presence of tungsten (dark inclusion at the top of the figure) inside the
macrophage. x38,000.
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