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EXPERIMENTAL NICKEL-INDUCED PULMONARY LESIONS IN NONHUMAN PRIMATES:

HISTOLOGIC AND ULTRASTRUCTURAL ANALYSIS

Abstract -- The histologic and ultrastructural alter-

ations of lung were evaluated in cynmologus monkeys PRINCIPAL INVESTIGATORS

instilled with nickel subsulfide (Ni3S2) at a final P. J Haley

dose of 006 pmollg lung with and without repeated D. E. Bice

intrapulmondry exposure to sheep red blood cells B. A. Muggenburg

(SRBC). individual lung lobes were exposed to nickel P. F. Hahn

alone, SRBC alone, or nickel and SRBC together.

Lesions were found in nickel-exposed lobes only, regardless of exposure to SRBC. Lesions were

more developed at 14 days than at 21 days after exposure to nickel, and were characterized by

multifocal perivascular and peribronchiolar lymphocytic infiltrates along with microgranuloma

formation, occasional fibrosis and moderate type II epithelial cell hyperplasia. Microgranulomas

consisted of either central histiocytic cores surrounded by lymphocytic mantles or dense

aggregaLes of epithplioid cells forming irregular interstitial nodules. Tracheobronchial lymph

nodes had marked reactive hyperplasia of cortical and paracortical zones. Ultrastructural

analysis of lung lesions revealed nerous well-differentiated lymphocytes intermixed with

macrophages, in a background of mature collagen bndles. cell associated particles were evaluated

by energy dispersive microanalysis and found to consist of nickel and slfur. These lesions

appeared to be distinct from pneumoconlotic lesions induced by inert dusts and had histologic

qualities compatible with Immune-mediated phenomena. Because nickel compounds stimulate strong

humoral and cellular immune responses in mn, we conclude that pulmonary exposure of nonhuman

primates to nickel compounds may provide information useful in delineating Immune mediated

pu7monary disorders of man.

Pathologic sequela associated with exposure of man to nickel compounds include asthma, acute

pneumonitis, dermatitis, central nervous system disorders and cancer of the nasal cavity and

lungs.1 The histologic lesions of nickel-induced neoplasia observed in man and laboratory animals

have been described.1,2 Nonneoplastic lesions of the lower respiratory tract, identified

following acute exposure of man to nickel compounds, have only been described after nickel

carbonyl exposure and include pulmonary hemorrhage and edema with concomitant degeneration of

bronchial epithelium and alveolar walls. Pulmonary fibrosis frequently ensues in survivors.

Nonneoplastic pulmonary lesions in rats, mice, hamsters or rabbits following subchronic or chronic

inhalation of nickel compounds have been reported.3-5 These lesions include hyperplasia of

bronchial and bronchiolar epithelium with peribronchial lymphocytic infiltration, pneumoconiosis,

alveolar type 11 cell hyperplasia, necrotizing pneumonia, emphysema, and fibrosis. We reported

previously on the immunopathologic ef fects of nickel subsulfide on nonhuman primate pulmonary

immune responses.b We report here the histologic and ultrastructural lesions observed in lung of

cynomolgus monkeys following intratracheal instillation of nickel subsulfide.
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METHODS

Animals

Twelve adult, male, wild-caught cynmologus monkeys, Macaca fascicularis (Charles River

Primate, Port Washington, NY) were housed in stainless steel cages with an automatic watering

system and were fed dry Monkey Chow (Ralston Purina, St. Louis, MO) and fresh fruit twice daily.

Food was removed 12 h prior to anesthesia and bronchoalveolar lavage (BAL) procedures.

Experimental Design

For BAL, monkeys were tranquilized with ketamine hydrochloride (Ketaset, Bristol Labs,

Syracuse, NY) at 10 mg/kg body weight given intramuscularly. After immobilization, anesthesia was

maintained with 1.5% halothane in oxygen. A pediatric fiberoptic bronchoscope was used to deposit

1 x 1010 sheep red blood cells (SRBQ sequentially in the left (LD) and in the right (RD)

diaphragmatic lung lobes and ml normal saline in the left cardiac (LQ lobe (control) of each of

the 12 monkeys. After primary immunization, each diaphragmatic lobe was challenged with x 1010

SRBC four times at 31 day intervals.

Administration of Ni 3S2

lo assess the affects of Ni3S2 on the pulmonary immune response. 0.08 limol Ni3S2/9 Of lung

lobe weight was instilled in RD (immunized) and LC (control) lobes at the time of the fourth

challenge immediately after collecting BAL cells in four animals and immediately after lung lavage

7 days after the fourth challenge in four other animals able ). Monkeys were then anesthetized

Table 

Experimental Design for Immunization and

Nickel Instillation of Lung Lobes

Monkey Lung Lobe Treatment

Group Size RD LO LC RC

4 UN I C/N C

4 IIN-7 I C/N-7 C

4 I I C

I = Immunized with sheep red blood cells;
C = saline control; N = nickel instilled at
fourth SRBC challenge; N-7 = nickel instilled 7
days after SRBC challenge; RD = right diaphrag-
matic lobe; LD = left diaphragmatic lobe; LC
left cardiac lobe; RC = right cardiac lobe.

with ketamine and halothane and sacrificed by exsanguination, four at 14 days and four at 21 days

after exposure. Individual lung lobe weights of monkeys were determined as a fraction of total

body weight based on lung lobe weights of previously sacrificed monkeys of the same sex and

similar body weight. Based on these calculations and a projected dose of 0.08 )jmol/g of lung lobe

weight, the LC lobe of each monkey received approximately 72 Vg Ni3S2 and the RD lobe received

approximately 120 jig Ni3S2. Nickel-exposed lobes were weighed at the time of sacrifice and te

actual dose of Ni3S2 was calculated to be 006 pmol/g lung. Nickel subsulfide was obtained from

the International Nickel Co. through the National Institutes of Environmental Health Sciences,

National Toxicology Program. An additional four animals were used as SRBC-challenged but

non-nickel-exposed controls.
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Lavage_F�rocedures

At the time of the fourth challenge, the right cardiac (RC) lobe was instilled with mL of

normal saline as an additional control. On days 0, 5, 7, 10, 14, and 21 after the fourth

challenge, each lobe was avaged with five 7-mL aliquots of normal saline for collection of cells

used in immunologic assays described in detail previously.6

Hi�o athqloqv ad Yltrastructural_Analvsis

Lung lobes were perfusion-fixed with 10% neutral buffered formalin, embedded in paraffin,

sectioned at 5 lim, and stained with hematoxylin and eosin for histologic examination. The

hematoxylin-eosin stained sections were used for light microscopic evaluation and as a basis for

selecting portions of adjacent lung tissue for transmission and scanning electron microscopy

studies. Selected tissue sections that contained cellular infiltrates were cut into blocks,

post-fixed in 2 s4 containing 0.1 M cacodylate buffer (pH 72), washed and dehydrated in

ethanol, and embedded in epoxy resin. One micrometer-thick sections were cut from six blocks and

stained with toluidine blue for light microscopy. From these same blocks, pale gold sections were

prepared using a diamond knife mounted on uncoated 200-mesh copper grids. The sections were

post-stained with uranyl acetate and lead citrate. Appropriate tissue sections were photographed

in a Hitachi HU-11C electron microscope at 75 kV.

Energy dispersive microanalysis was performed on intracellular particles using a JSM-35

scanning microscope with an acceleration voltage of 20 Kev. X-ray energies for secondary and

background modes were sorted and analyzed using a KEVEX 5100C X-ray energy spectrometer and 6100

data processor. Energy spectra from identified particles were compared to standardized spectra of

nickel and sulfur.

RESULTS

Lesions were restricted to lung lobes exposed to Ni3S2. Lung lobes exposed to SRBC only were

without significant changes. The histologic lesions in lung lobes exposed to Ni3S2 and SRBC

together were not significantly different from those receiving Ni3S2 alone.

Lesions observed in the lungs of monkeys sacrificed at 14 days after exposure to Ni3S2 were

discrete and localized at the point of instillation. These lesions were characterized by focally

intense perivascular and peribronchiolar lymphocytic infiltrates accompanied by distinct

microgranuloma formation. These microgranulomas consisted of either central histiocytic cores

surrounded by irregular lymphocytic mantles, or of dense aggregates of epithelioid cells forming

interstitial nodules. Small, dark, nonrefractile particles were scattered within these

microgranulomas (Fig. 1) . Patchy, irregular foci of fibrosis were variably present and were

accompanied by moderate type 11 epithelia] cell hyperplasia. Such foci were accompanied by

inLraalveolar accumulations of hyperplastic macrophages containing small dark particles similar to

those observed in the adjacent granulomas.

Perivascular lymphocytic cuffs were the most consistent lesion and ranged from several-to-over

20 cells in thickness (Fig. 2 Veins and venules in these lesions were surrounded by large

lymphocytes with distinct hyperchromatic nuclei and ample, darkly basophilic cytoplasm.

Eosinophils were frequently abundant in such lesions. These perivascular infiltrates radiated out

into the adjacent interstitium, resulting in thickening of alveolar septa and occasionally

progressing to lymphofollicular formation.

Lesions in animals sacrificed 21 days after exposure were not as marked as those observed at

14 days after exposure. The lesions were restricted to nickel-exposed lobes and were localized to

the point of instillation, as were those observed at 14 days after exposure. Perivascular

lymphocytic cuffs of variable intensity accompanied by peribronchial lymphocytic infiltration and

376



Figure I Photomicrograph of a section
of immunized lung lobe instilled with
Ni3S2- Note Mdrked thickening of
alveolar septa by infiltration of macro-
phages and lymphocytes with micro--
granuloma formation. Hematoxylin and
eosin. Bar 100 microns.

A V &

3

Figure 2 Photomicrograph of a section
of immunized lung lobe instilled wth
Ni352. Note thick perivascular iter
stitial lymphocyte infiltration. Hemd

toxylin ad eosin. Bar 100 microns.

occasional granuloma formation were te predominant lesion. Ihickening of alveolar sept by

mononuclear cplls, foci of fibrosis and type 11 epithelial cell hyperplasia was variably present,

but of less severity when compared 'La lesions in monkeys sacrificed 14 days after exposure.

All monkeys had low numbers of foreign-body or dust granulomas characterized by

peribronchiolar aggregates of large hyperplastic macrophages with cytoplasmic distention due to

intracytoplasmic, yellow to brown, irregular, frequently retractile particles. Ihese granulomas

appeared to be simple accumulations of dust-filled macrophages without any lymphocytic component

or otherwise active inflammatory process.

Ultrastructural analysis of putative nickel-induced granulomas showed the presence of large

macrophages intermixed with numerous well-differentiated lymphocytes (Fig. 3 Macrophages and

lymphocytes were embedded in a background of fibroblasts and bundles Of mature collagen.

Energy dispersive microanalysis of cell-associated particles identified by SEM (Fiq. 4)

produced element emission spectra consistent with those of nickel and sulfur, suggesting that the

small, dark particles observed on light microscopy were Ni3S2 g. 5)-
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Figure 3 Transmission electron m i c rophotog ra ph ofa granuloma in an immunized lung lobe
instilled with W3S2. Note numerous well-differentiated lymphocytes embedded in a background of
collagen bundles. Magnification 5625X.

Figure 4 Scanning electron microphotograph of an alveolar macrophage in cross section. Small
dark arrows indicate cell membrane. Large open arrow indicates cell-associated electron-dense
particle evaluated with energy dispersive microanalysis. N nucleus; cytoplasmic vacuole.
Magnification = 520OX.
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Figure 5. Energy dispersive analysis of an
electron-dense particle shown in Figure 4
showing element emission spectra consistent
with nickel (Ni) and sulfur (S).

Tracheobronchial lymph nodes from animals sacrificed at both 14 and 2 days after exposure

were characterized by marked reactive hyperplasia of both the cortical and paracortical zones,

resulting in the alteration of nodal architecture. Lymphocyte hyperplasia resulted in marked

thickening of the cortical zone with compression of the subcapsular sinus. Paracortical cords

were likewise markedly thickened and eixtended deep into the medulla, resulting in occlusion of the

paracortical and medullary sinusoids. Sinusoids not occluded by lymphocytic hyperplasia had

marked sinus histiocytosis with most macrophages being distended by large accumulations of

brownish-black particles. Lymphoid follicles with occasionally florid germinal centers were

numerous and were present in both cortical and paracortical zones.

DISCUSSION

Pulmonary lesions in man associated with acute inhalation exposure to nickel compounds include

pulmonary edema, bronchitis, and transient interstitial pneumonitis. Chronic exposure to nickel

compounds may result in cancer of the paranasal sinuses, the nasal cavity and/or the ung.1 Lung

lesions associated with conditions of nickel-mediated hypersensitivity have not been reported.

Acute or subchronic pulmonary exposure of rodents to nickel compounds generally results in

chemical pneumonitis due to direct chemical toxicity accompanied by acute inflammatory responses.

Intratracheal instillation of Ni3S2, NiSO4 or NiC12 into rats results in increases in lactate

dehydrogenase, D-glucuronidase, total protein, glutathione reductase, sialic acid, and total

nucleated cells 7 days after exposure. Histologic evidence of alveolitis occurs in rats which, in

conjunction with changes in biochemical parameters, indicates direct cytotoxic effects on lung

cells accompanied by marked inflammatory changes.3 Comparatively, a 12 day inhalation exposure of

F344/N rats and B6C3Fl mice to Ni3S2 or NiSO4 results in necrotizing pneumonia, degeneration of

respiratory epithelium, atrophy of olfactory epithelium, emphysema (rats only) and pulmonary

fibrosis (mice only).4,5

Lesions observed in the monkeys in this study were different than those reported for rodents.

isolation of the lesions to the lobes exposed to nickel or to nickel and SRBC together, but not to

SRBC alone. suggests that the lesions resulted directly from nickel exposure. The dose of Ni3S2

used in this study 006 pmol/g lung) was lower than the doses used in previous studies with

rodents. Although the actual local tissue dose was probably higher than that calculated using the
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entire lung lobe weight, the lesions suggest that the tissue dose was still below direct cytotoxic

levels. Furthermore, the appearance of these lesions was characterized by microgranulomas with

lymphocytic infiltration and aggregation, a pattern not typically associated with most

pneumoconiotic lesions or foreign-body granulomas. A cellular reaction to earlier cytotoxic

damage cannot be ruled out. However, no such lesions have been observed in rats or mice after

exposure to nickel compounds, suggesting that the pathogenesis of these lesions is more complex

than that of foreign-body reactions or direct cytotoxicity. Moreover, intrapulmonary lymphocytic

infiltration accompanied by marked lymphoid hyperplasia of the draining tracheobronchial lymph

nodes is suggestive of a specific anti-nickel immune response. The relative contributions of SRBC

and nickel to the tracheobronchial lymphoid hyperplasia are unknown. Both humoral and cellular

immune responses are produced to nickel. However, it is unknown if the lesions observed in this

study occur in humans experiencing nickel-induced asthma. The lesions we observed are reminiscent

of the granulomatous lesions identified in berylliosis, a metal-induced, immune-mediated

granulomatous lung disease of man.

In summary, localized deposition of Ni3S2 in the deep lung of cynomolgus monkeys resulted in

multifocal microgranulomas isolated to the area of instillation. These microgranulomas had a

histologic appearance compatible with an immune-mediated phenomenon. These data suggest that

pulmonary exposure of nonhuman primates to nickel compounds may provide a model for investigating

immunologically mediated pulmonary disorders of man such as nickel-induced asthma.
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