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EFFECTS OF VANADIUM UPON P0LYI:C-INDUCED 
RESPONSES IN RAT LUNG 
AND ALVEOLAR MACROPHAGES 

Mitchell D. Cohen 

Nelson lnstitute of Environmental Medicine, New York University 
Medical Center, New York, New York, USA 

Susanne Becker, Robert Devlin 

Human Studies Division, Health Effects Research Laboratory, 
U.S. Environmental Protection Agency, Chapel Hill, North Carolina, 
USA 

I Richard B. Schlesinger, Judith T. Zelikoff 

Nelson lnstitute of Environmental Medicine, New York University 
Medical Center, New York, New York, USA 

Hosts exposed to vanadium (V) display a subsequent decrease in their resistance to infec- 
tious microorganisms. Our earlier studies with rats inhaling occupationally relevant levels 
of V (as ammonium metavanadate, NH,VO,) indicated that several nascent/inducible 
functions of pulmonary macrophages (PAM) were reduced. In the present study, V- 
exposed rats were examined to determine whether some of the same effects might also 
occur in situ. Rats were exposed nose-only to air or 2 mg V / d  (as NH,VO,) for 8 h/d 
for 4 d, followed, 24 h later, by intratracheal (it) instillation of polyinosinic:polycytidilic 
acid (po1yl:C) or saline. Analysis of lavaged lung cells/fluids after po1yl:C instillation indi- 
cated that total lavageable cell/neutrophi/ numbers and protein levels, while significantly 
elevated in both exposure groups (as well as in saline-treated V-exposed rats), were 
always greater in V-exposed hosts. Exposure to V also affected the inducible production of 
interleukin 6 (IL-6) and interferon y (IFNy), but apparently not that of tumor necrosis factor- 
n (TNFa) or IL-1. Although po1yl:C induced significant increases in lavage fluid IL-6 and 
IFNy levels in both exposure groups, levels were greater in V-exposed rats. If calculated 
with respect to total lavaged protein, however, V-exposed rats produced significantly less 
cytokine. Following po1yl:C instillation, there were no marked exposure-related differences 
in basal or stimulated superoxide anion production by pooled lavaged cells or PAM 
specifically. With V-exposed rats, pooled cells recovered 24 h after saline instillation dis- 
played reduced production (in both cases) compared to the air control cells; PAM-specific 
production was affected only after stimulation. In both exposure groups, po1yl:C caused 
decreased superoxide production in recovered cells. Though less apparent with pooled 
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cells, there was a time post po1yl:C instillation-dependent decrease in stimulated PAM-spe- 
cific superoxide production; this effect was greater in PAM from V-exposed rats than in 
PAM from air controls. Phagocytic activity of PAM from rats in both exposure groups was 
significantly increased by po1yl:C instillation, although total activity in cells obtained from 
V-exposed rats was always significantly lower compared to air control cells. Our results 
indicate that short-term, repeated inhalation of occupationally relevant levels of V by rats 
modulates pulmonary immunocompetence. Modified cytokine production and PAM func- 
tionality in response to biological response modifiers (such as lipopolysaccharide, IF*, or 
po1yl:C) may be, at least in part, responsible for the increases in bronchopulmonary dis- 
ease in humans occupationally exposed to V. 

The lungs are a primary target organ for environmental pollutants, 
and local pulmonary cell populations may be directly exposed to air- 
borne toxicants. Since some of these cells, specifically the pulmonary 
macrophage (PAM), play a pivotal role in host pulmonary immuno- 
competence, their function in this regard may be compromised by 
pollutant exposure. This response, in turn, may be involved in  the 
pathogenesis of environmentally induced pulmonary disease. 

Within the lungs, effective removal of microbial pathogens relies 
primarily upon active PAM-lymphocyte intercellular signaling using inter- 
ferons (IFNs), tumor necrosis factor-a CrNFa), and specific interleukins 
(i.e., IL-la, -2, and -6). Lymphocyte-derived IFNy, in conjunction with 
autocrine IL- la  and TNFa, prime PAM to heightened phagocyticl 
microbicidal states; to increased surface major histocompatibility com- 
plex (MHC) antigen expression; and to release of chemotactidmonocyto- 
poietic products for activated PAWmonocyte influx into the lungs for 
eradication of infectious agents (Feldmann, 1996). 

Vanadium (V) i s  widely used in the steel and chemical industries, 
and i s  a constituent of many ores, coals, and oils. Increased mining 
and mil l ing of Vibearing ores and combustion of fossil fuels for heat- 
inglenergy production result in high levels of respirable V particles1 
fumes in many work environs (Nriagu & Pacyna, 1988; ATSDR, 1991). 
Ambient V levels in these settings can reach >30 mg/m3; the value 
for immediate danger to life or health is 70 mg/m3 (NIOSH, 1985). 
Though initial clearance of inhaled V i s  fairly rapid (-40% in  1 h), 
animal studies have shown that total clearance i s  never achieved 
(Conklin et ?I., 1982; Sharma et al., 1987), and particles may persist 
in the lungs for long periods of time. 

Vanadium is  known to modulate immune responses in exposed 
humans and experimental animals (Zelikoff & Cohen, 1995). Epidemio- 
logical studies have demonstrated that acute and chronic exposure of 
workers to moderate to high levels of V-bearing particles resulted in an 
increased incidence of pulmonary diseases, such as asthma, pneumonia, 
and "Boilermaker's" bronchitis, as well as deaths from respiratory failure 
secondary to bacterial infections or from lung cancers initiated by other 
agents (Stocks, 1960; Hickey et al., 1967). 
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Studies of V-exposed humans demonstrated disturbed pulmonary 
neutrophil (PMN) numbers and morphology, plasma cell numbers and 
immunoglobulin production, and lymphocyte mitogenic responsiveness 
(Kivuoloto et al., 1979, 1980, 1981 ). Concurrent changes in pulmonary 
function, as well as increased nonspecific pulmonary reactivity to V, 
have also been documented (Kivuoloto, 1980; Lees, 1980; Musk & 
Tees, 1982). In studies using rodents exposed to V by intratracheal (it) 
instillation, intraperitoneal (ip) injection, or through the diet, hosts had 
altered lymphoproliferative responsiveness, as well as altered macro- 
phage (M$) phagocytic activity, lysosomal enzyme activitylrelease, 
microtubule structural integrity, and intracellular organelle pH (Zelikoff 
& Cohen, 1995). Exposed hosts also displayed altered resistance to 
endotoxinlintact microorganisms, modified pulmonary immune cell pop- 
ulations, and immune system organ pathologies (Sharma et al., 1981; 
Wei et al., 1982; Cohen et al., 1986, 1989; Al-Bayati et al., 1992). 

Our recent studies have shown that nose-only inhalation of V (as 
I\IH,VO,) by rats resulted in significant inflammation and immunomodu- 
lation within the lungs (Cohen et al., 199613). Effects on host immunity 
were primarily at the level of ex vivo PAM cytokine-related biochem- 
istry, that is, monokine formation and responsiveness to endotoxin 
(Iipopolysaccharide, LPS) and IFNy. These results were similar to those 
observed previously following in vitro V exposures of a mouse macro- 
phage cell line (Cohen et al., 1993a, 1996a). The study presented here 
examined the effects of acute inhalation of V (at occupationally rele- 
vant levels) upon in situ activation of PAM within the rat lung. Using 
the biological response modifier polyinosinic-polycytidilic acid (polyl:C), 
formation of IFNy, TNFa, IL-1, and IL-6 in the lungs, as well  as 
changes in polyl:C-derived IFNy-inducible PAM functions (i.e., super- 
oxide anion formation and phagocytic activity), were examined. The 
results of this study provide further clarity as to the mechanisms by 
which inhalation exposure to V could give rise to compromised pul- 
monary immu nocompetence. 

MATERIALS ANDMETHODS 

Reagents 

Tissue culture reagents were from Gibco (Grand Island, NY); 
ammonium metavanadate (99.6% purity; NH,VO,) from 1.  T. Baker 
Chemicals (Phillipsburg, NJ); and superoxide anion assay reagents and 
polyl:C from Sigma Chemicals (St. Louis, MO). 

Experimental Animals 

Upon arrival, 10-wk-old pathogen-free male Fischer 344 rats 
(200-250 g, Charles River, Boston) were quarantined for 2 wk prior to 
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any exposures, then housed individually in stainless steel cages in 
temperature (20°C)/humidity (50% RH)-controlled rooms, and provided 
food (Purina rodent chow) and water ad libitum. Rats were routinely 
checked for respiratory infections by performing nasal swab checks. 

Exposures 

In each of 2 separate experiments, groups of 14 rats were placed 
in restrainers connected to a custom-designed 18-port nose-only expo- 
sure apparatus (CH Technologies, Westwood, NJ) and exposed to 
atmospheres containing either filtered air or NH,V03 (0.32 pm MMD). 
During exposures, the restrainers permitted free movement of each rat's 
head; no sedation was required. Aerosols delivering 2 mg V/m3 (V 
metal as NH4V03) were generated from a suspension of 40 nM 
NH4V03 in ultrapure water using a Laskin nebulizer. Exposure duration 
was 8 h/d for 4 d, approximating (in each 8-h period) the levels of 
V that could be encountered by workers exposed during an 8 to 10- 
h workday to the threshold l imit value of 0.05 mg V,0,/m3. Samples 
of the generated atmosphere were collected hourly on filters for gravi- 
metric analysis of the actual V concentrations. Twenty-four hours fol- 
lowing the last exposure, rats were anesthesized with halothane and 
then intratracheally instilled with 100 pl 1.5 mg/ml polyl:C (n = 8 
rats/exposure groups) or with saline vehicle (n = 6 rats/exposure 
group); pilot studies indicated that halothane had no effect upon the 
polyl:C-induci ble endpoints studied herein. 

Osolation of Pulmonary Alveolar Macrophages 

To provide PAM for al l  of the ex vivo experiments, at designated 
time points after polyl:C or saline instillation, rats were sacrificed by 
an overdose of Nembutal (80 mglkg, ip). The trachea was exposed, a 
cannula was inserted and tied into place, and the lungs were lavaged 
8-1 0 times with Ca2+,Mg2+-free Hanks balanced salt solution (H BSS, 
pH 7.4, 37°C) (Cohen et al., 199613). Recovered cells were then 
washed twice by centrifugation (1 500 x g, 15 min, 4°C) with HBSS 
and resuspended in RPMl 1640. Cell differentials were performed on 
cytocentrifuged preparations stained with Diff-Quik to identify PAM and 
other immune cell types. Aliquots of the acellular lavage fluid were 
either assayed for total protein using a commercially available Bio-Rad 
assay, or quick-frozen and placed at -70°C for later analysis of either 
IFNy, IL-1 , IL-6, or TNFa. 

Cytokine Quantitations 

Levels of lFNy in the first 10-15 ml  of recovered lavage fluid 
were determined using a commercially available rat lFNy enzyme- 
linked immunosorbent assay (ELISA) kit (l imit of detection 250 pg/ml; 
Gibco). IL- la  levels were assessed indirectly by measuring activity 
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using an IL-1 -dependent D l  0.G4.1 mouse T-helper cell line prolifera- 
tion assay (Becker et al., 1989). TlVFa activity was measured using a 
standard cytotoxicity assay against TNFa-sensitive WEHI-1 64 cells 
(Becker et al., 1989). IL-6 activity was quantitated using an IL-6- 
dependent 7TD1 hybridoma cell line proliferation assay (VanSnick et 
al., 1986; Becker et al., 1991). Production/biologicaI activity of each 
cytokine was quantitated against curves generated using commercially 
available cytokine standards (Biosource International, Camarillo, CA, 
and R&D Systems, Minneapolis, MN). 

Superoxide Anion Production 

To evaluate changes in 0; production by PMN/PAM mixtures (as 
we1 l as by the PAM specifically) following polyl:C/saline instillation, 
recoverbed cells (in RPM1/5% fetal bovine serum) were plated in 96- 
well microtiter plates at 10' lavaged cells/well (1 2 wellshat). After a 2- 
h incubation at 37°C to permit cell attachment, nonadherent cells 
from each well were recovered (for later analysis of cell attachment). 
Each wel l  was rinsed once with 200 p1 ice-cold serum-free RPMl and 
0; formation was measured using a previously described assay proto- 
col (Zelikoff et al., 1993). Briefly, 200 mM ferricytochrome c in phe- 
nol red-free HBSS [with or without rat serum-opsonized zymosan (OZ; 
50 pg/ml)] was added to half the wells; remaining wells received 
these same solutions supplemented with 600 U/ml superoxide dismu- 
tase (SOD). Plates were then incubated at 37°C for 60 min and well 
absorbances were measured at 550 nm on a microtiter plate reader. 
Superoxide levels (nmol, 0;/10~ recovered cells) were calculated by 
subtracting the absorbances measured in SOD-bearing wells and cor- 
recting for any cell loss during well rinsing steps. PAM-specific 0; 
production was calculated as that amount remaining after accounting 
for the estimated contribution by residing PMN (determined from the 
differential counts). 

Phagocytic Activity 

Phagocytic activity of recovered PAM was measured using a sus- 
pension assay (Cohen et al., 199613). Cell aliquots (5 x 10' lavaged 
cells/900 pI phenol-red free RPMI) were placed into polypropylene 
tubes along with 100 pl sterile, rat serum-opsonized polystyrene latex 
microspheres (3 pm, Duke Scientific, Palo Alto, CA) at a particle:PAM 
ratio of 100:l (determined to yield a 50% phagocytic index in prelim- 
inary studies). Samples were then incubated at 37°C in a shaking 
waterbath for 90 min before aliquots were placed onto glass slides. 
Smears were air-dried, the cells fixed in 2% glutaraldehyde (in phos- 
phate-buffered saline, PBS), and uningested particles removed by 
immersion of the slides into xylene for 24 h .Cells were then stained 
with Diff-Quik and phagocytic activity was determined by examination 



596 M. D. COHEN ET AL. 

of 200 PAMIslide; phagocytic activity was quantitated in terms of 
phagocytic index (PI, percentage of viable cells that ingested 21 latex 
particle) and capacity (PC, percentage of phagocytically active PAM 
that ingested 23 particles). 

Data Analysis 

All data were analyzed using a one-way analysis of variance 
(ANOVA) followed, when appropriate, by a Student-Newman-Keuls 
test. Results were considered significant at p < .05. 

RESULTS 

Instillation of polyl:C into both .air- and V-exposed rats caused sig- 
nificant time-dependent increases in the total numbers of lavageable 
cells (Table 1). However, total cell recoveries (all cell types) from V- 
exposed rats were always significantly greater than those from their 
air-exposed counterparts. By the end of the study period (48 h post- 
instillation), the numbers of cells recovered from V-exposed rats were 
more than twice those of the air controls. No significant differences in 
cell recoveries were observed between the two exposure groups prior 
to or following saline instillation. 

Although total cell recoveries were clearly modified by both host 
exposure and the type of instillate, no significant differences were 
observed between the air- and V-exposed rats in either the total num- 
bers or viabilities of recovered PAM after saline or polyl:C instillation. 
Conversely, polyl:C instillation caused a significant time-dependent 
increase in lavage levels of PMN in both V-exposed (from 2.1 5 to 
5.57 to 19.68 x 106/rat) and air-exposed rats (from 0.1 7 to 2.42 to 
7.33 x 1 06/rat). In addition, V-exposed rats consistently displayed sig- 
nificantly greater level of PMN in their bronchoalveolar lavage (BAL) 
fluid than air-exposed counterparts. As a result, the relative change in 
lung PMN numbers in the air-exposed rats in the first 24 h after 
instillation was far greater than that in V-exposed rats (13.3- vs. 1.6- 
fold, respectively); however, from 24 to 48 h postinstillation, differ- 
ences between the exposure groups in relative increases in PMN (2.0- 
vs. 2.5-fold, respectively) were not significant. 

Because of this PMN influx, polyl:C-instilled air control rats had a 
significantly reduced percentage of PAM in  their BAL f luid 24 h after 
instillation (as compared to their saline-instilled counterparts), while the 
percentage of PMN increased 11-fold. By 48 h postinstillation, the 
percentage of BAL-associated PAM in pol yl:C-treated air control rats 
was decreased by an additional SO%, while that of PMN increased by 
an additional 53% (compared to the 24-h values). 

Unlike the air controls, the V-exposed rats displayed a significant 
reduction in the percentage of lavageable PAM even in the absence 
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of polyl:C. When compared to saline-instilled V-exposed rats, polyl:C- 
instilled rats had a significantly lower percentage of PAM after 24 h; 
by 48 h, the percentage of recovered PAM from these rats decrea.sed 
an additional 7l0/0. While there were no significant differences 
between the exposure groups regarding the numbers of lavageable 
PAM, the percentage of PAM from V-exposed rats was always signifi- 
cantly lower than that in air controls. In addition, V-exposed rats con- 
sistently displayed significantly greater percentages of lavageable PMN 
than their air-exposed counterparts. 

Analysis of the rat lung cytokine profile for lavage fluid IFNy, IL-6, 
IL-1, and TNFa following polyl:C instillation demonstrated that inhala- 
tion of V altered host lung responsivity to this biological response 
modifier. I n  rats that received either polyl:C or saline, no obvious dif- 
ferences could be observed between V- and air-exposed groups in 
recoverable IL-1 and TNFa levels/activities at any postinstillation time- 
point examined, as all values were below the assay limit of detection 
(i.e., 8 and 1 U/ml, respectively). In contrast, the levels of biologically 
active IL-6 recovered in lavage fluid were consistently greater in all V- 
exposed rats compared to similarly-instilled air controls (Table 2). 
Within 24 h after polyl:C instillation, air control rats displayed an 
-30-fold increase in IL-6, while the increase was only 1 1 -fold in V- 
exposed rats. Although no significant increase in lung IL-6 in polyl:C- 
treated air controls over the period from 24 to 48 h postinstillation 

TABLE 2. Total protein and total and relative levels of IL-6 recovered in rat BAL fluid 

Time 
post it 

Polyl:C instillation Total IL-6 
Exposure treatment (h) protein (mg)" IL-6 (pgy (pg/mg protein)" 

b Air - 0 77.94 * 7.86 415 i 184 5.32 * 2.36 
- 24 84.93 + 6.29 102 i'21 1.1 9 i 0.03 
+ 24 172.63 * 13.64 1 1,859 + 1 854d 68.70 * 10.74~ 
+ 48 156.00 * 9.80 14,156 i 2376 90.74 * 15.23 

Vanadate - 0 182.30 * 45.02 4668 r 2234' 25.61 * 12.75 
- 24 162.78 i 5.54 2096 * 358' 12.87 i 2.20 
+ 24 6995.58 r 324.77c,d 51,418 i 15,606"~ 7.35 i 2.23' 
+ 48 81 45.23 i 501.92C,' 1 1  3,084 i 17,955"" 13.88 * 2.20' 

"Mean ( i S E )  of levels recovered in first 10-15 ml of BAL. 
bRats intratracheally instilled with 150 pg polyl:C (+) or saline vehicle (-). 
'Significant @ < .05) differences between the V and air exposure groups at a single time/treatment 

point. 
Wi th in  each treatment, significant @ < .05) differences between polyl:C- and saline-instilled groups at 

a single postinstillation time point. 
"Within each treatment, significant @ < .05) differences between polyl:C instilled rats at 24 and 48 h 

postinstillation. 
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TABLE 3. Total protein and total and relative levels of interferon-y recovered in rat BAL fluid 

Time 
post i t  

Polyl:C instillation Total IFNy 
Exposure treatment (h) protein (mgy lFNy (ngY (pglmg protein)" 

b Air - 
- 
+ 
+ 

Vanadate - 
- 
+ 
+ 

"Mean (rSE) of levels recovered in first 10-1 5 ml of BAL. 
b ~ a t s  intratracheally instilled with 150 pg polyl:C (+) or saline vehicle (-). 
5ignificant (p < .05) differences between the V and air exposure groups at a single timeltreatment 

point. 
"Within each treatment, significant (p < .05) differences between polyl:C- and saline-instilled groups 

at a single postinstillation time point. 
'Within each treatment, significant @ < .05) differences between polyl:C-instilled rats at 24 and 48 

h postinstillation. 

was observed, levels in  similarly instilled V-treated rats doubled. By 48 
h, IL-6 ,levels were 8-fold higher in  lavage f luid from V-exposed rats 
compared to the air-exposed controls; however, the total increase 
above background IL-6 levels (i.e., at 0 h) i n  these rats was only  24- 
fold, compared to 34-fold in the controls. 

Instillation of polyl:C also significantly increased total levels of  IFNy 
i n  the lung lavage fluids of rats from both exposure groups (Table 3). 
Whi le background and saline-insti lled rats in both exposure groups had 
equivalent lung l FNy levels, control and V-exposed rats demonstrated 
7- and 20-fold increases, respectively, by 24 h post-polyl:C instillation. 
In  addition, in  the subsequent 24 h, IFNy levels increased by an 
additional 45% in V-exposed rats while remaining unchanged in their 
air-exposed counterparts. 

Another effect of polyl:C instillation was an increase in  the total 
amount of  protein found in  the BAL (Tables 2 and 3) .  However, while 
BAL protein levels doubled in  air-exposed rats over the entire 48-h 
period after instillation, I'evels i n  the V-exposed rats increased by 38-  
to  45-fold. As a result, when IFNy and IL-6 levels at both post- 
polyl:C instillation timepoints were evaluated in  relation to the total 
protein i n  the' BAL, V-exposed rats had significantly lower levels of 
cytokine than those measured in  the air-exposed controls. 

N o  differences in  either PMNIPAM mixture or PAM-specific 0,- 
production were observed between the exposure groups prior to instil- 
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lation of either polyl:C or saline (Figure 1 and Table 4). At 24 h 
after saline instillation, both spontaneous and OZ-stimulated 0; pro- 
duction by all cel I s  recovered from V-exposed rats were significantly 
reduced compared to that by cells from V-exposed rats sacrificed 
immediately after saline instillation or from air control 24-h counter- 
parts; PAM-specific 0; production was significantly reduced only after 
stimulation. Saline instillation had no effect on 0; production in air- 
exposed rats. 

At 24 h following polyl:C instillation, there were no significant 
host exposure-dependent differences in either spontaneous or OZ-stim- 
ulated 0,- formation by the PAMIPMN mixtures or by PAM specifi- 
cally. However, while production from cell mixtures obtained from 
air-exposed rats was uniformly reduced compared to that of cel Is 
from their saline-instilled counterparts, only stimulated production was 
significantly reduced in the cells of V-exposed hosts. When analyzed 
at the level of  PAM-specific production, this polyl:C effect was only 
apparent after zymosan stimulation, regardless of host preinstillate 
exposure. 

. By 48 h post-polyl:C instillation, spontaneous 0; formation by the 
PAMIPMN mixtures of both exposure groups was reduced further; 
however, no further reduced production was observed in OZ-stimulated 
mixtures. Conversely, spontaneous PAM-specific production appeared to 
be unaffected while that following stimulation continued to decrease in 
cells from both exposure groups. The data herein also indicated that a 
time post polyl:C-dependent effect upon OZ-stimulated PAM 0,- pro- 
duction was evident; this effect was greater in PAM from rats exposed 
to V prior to polyl:C instillation than in similarly instilled air control 
animals. 

Polyl:C instillation produced significant increases in the phagocytic 
activity of PAM recovered from rats in both the air and V exposure 
groups. At 24 h postinstillation, the phagocytic index (PI) was 
increased by 46% and 40% with PAM recovered from air- and V- 
exposed rats, respectively (Figure 2A). Saline-induced increases in PI 
were not significant in cells obtained from either exposure group. 
Although increases in PI after polyl:C-instillation were similar for both 
the air and V exposure groups, PI values in PAM from V-exposed rats 
were always significantly lower than those in cells recovered from the 
air controls. A similar pattern was observed with the phagocytic 
capacity (PC) (Figure 28); polyl:C significantly elevated the PC of PAM 
from both exposure groups (52% and 85% above preinstillation values 
for air- and V-exposed rats, respectively). However, i n V-exposed rats 
that received saline there was also a significant increase in the PC of 
recovered PAM to a level approximating that of their polyl:C-treated 
counterparts (28% vs. 3O0/0, respectively); no saline-induced increase in 
PC was observed in  air-exposed rat cells. 
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TABLE 4. Superoxide formation by Rat PAM after accounting for PMN presence 

Time Contribution 
post it to 0; production nmol OF/ 

Polyl:C instillation from PMN present 1 0' PAMI 
Exposure treatment (h) (%)" 60 minb 

C Air - 
- 
+ 
+ 

Spontaneous production 

0 0 
24 0 
24 0 .  
48 0 

Vanadate - 
- 
+ 
+ 

Air - 
- 
+ 
+ 

Vanadate - 
- 
+ 
+ 

OZ-stimulated production 

0 0.79 
24 1.44 
24 30.86 
48 48.92 

"Assumes no 0; production by PMN in unstimulated samples and a rate of 0.045 nmol 
O;/lOS PMN/min in stimulated samples (R. Thrall, personal communication). Value calculated as 
5 min PMN production/estimated 5 min production in PMN + PAM (based on mixture produc- 
tion rate). 

b ~ e a n  (iSE) after accounting for PMN contribution (assumes that percentage calculated for 5 
min PMN remains constant over 60-min incubation period). 

'Rats intratracheally instilled with 150 pg polyl:C (+) or saline vehicle (-). 
dWithin each treatment, significant @ < .05) differences between polyl:C- and saline-instilled 

groups at a single postinstillation time point. 
'Within each treatment, significant < .05) difference from the 0 h saline-instilled rat value. 
'Significant @ < .05) differences between the V and air exposure groups at a single time/treat- 

ment point. 

DISCUSSION 

The results from the studies presented here indicate that short-term, 
repeated inhalation of NH,VO, by rats can alter local pulmonary 
immune responses to the biological response modifier polyl:C. This i s  
supported by findings from previous studies that demonstrated that V 
exposure can alter ex vivo and in vitro macrophage responses to LPS 
and lFNy (Cohen et al., 1993a, 199313, 1996a, 1996b). 

In several species, double-stranded polyribonucleotides, such as 
polyl:C, act as potent immunomodulators for some immune functions, 
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I 

precpoly1:C + 24 hr pI:C + 24 hr Saline' 

50 
h 5 : PC AIR 
z 

40- 
m NH!IVO3 

pfe-po1yl:C + 24 hr p1:C + 24 hr Saline . 
FIGURE 2. (A) Phagocytic index and (6) capacity of PAM recovered from rats exposed for 4 d 
to  NH,VO, or air and then instilled with polyl:C or saline. Percentages SE (number of rats 
per group described in Materials and Methods) of cells ingesting particles (PI) and those phago- 
cytically active cells bearing 23 particles per cell (PC) are indicated. Each bar represents exarni- 
nation of 200 PAM/slide, with 5 slideslrat. Asterisk indicates values significantly different between 
the exposure groups (p < .05) at the same timeltreatment point. Within each exposure group, 
values significantly different due to the type of instillate (up < .O5) or significantly different from 
the pre-polyl:C value (*p < .05) are also shown. 
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increase from 24 to 48 h after polyl:C treatment of the air-exposed 
control rats, levels in  V-exposed rats continued to rise during this 
period. That an increase in levels of inflammatory cells alone could 
underlie these changes i s  not supported by data from this study. In air 
control rats, although PMN levels increased significantly during the 24- 
to 48-h period after polyl:C instillation, IL-6 and lFNy levels were 
unchanged. In addition, i f  IL-6 levels from air- and V-exposed rats are 
compared when PMN levels were comparable (48 and 24 h ,postinstil- 
lation, respectively), levels remain -4-fold greater in the V group. This 
suggests that short-term repeated V exposure might modulate mecha- 
nisms that regulate in situ polyl:C-induced cytokine production. 

Stimulated 0; production by lavaged lung cells after polyl:C instil- 
lation was expected to be significantly reduced compared to that pro- 
duced by cells from saline-treated rats (Weiss et al., 1990). While this 
effect was observed in both the air- and V-exposed groups, the most 
significant effect upon 0; production was not observed wi th  
PAMIPMN mixtures from V-exposed polyl:C-treated rats but rather from 
24 h post-saline-instilled V-exposed rats. This decreased production 
could be attributed to the fact that the BAL from these latter rats was 
more heavily contaminated with PMN (which produce significantly less 
0,- after simulation than PAM; R. Thrall, personal communication) 
than that recovered from their air-exposed counterparts. However, i f  a l l  
exposure-related differences in 0; production were directly correlated 
with variations in recovered cell types, then pooled cells recovered 
from V-exposed rats sacrificed immediately after saline instillation 
should have had lower levels of 0; production than their air-exposed 
counterparts. In addition, air-exposed rats sacrificed 24 h after saline 
instillation had 4 times as many PMN as their counterparts sacrificed 
immediately after saline instillation, yet demonstrated no marked 
changes in 0,- production; conversely, V-exposed rats analyzed 24 h 
after instillation with saline had a near-doubling of PMlU levels, but 
displayed reduced 0; production compared to counterparts sacrificed 
immediately after saline instillation. While it is impossible to ignore 
the contribution from contaminating PMN upon measured 0; produc- 
tion, until more quantitative studies explaining the contribution of indi- 
vidual phagocytic cell types to oxyradical production are performed, to 
claim that the observed reduction in 0; production in saline-instilled 
V-exposed rats as a result of a "diluting-out" effect alone would be 
misleading. 

As noted, cells recovered from both air- and V-exposed rats dis- 
played reduced OZ-stimulated 0; production capacity following polyl:C 
instillation. While no marked differences between the total production 
by pooled cells at 24 and 48 h postinstillation were evident in either 
exposure group, when the contributions from contaminating PMN were 
accounted for (assuming that V had no effect upon PMN 0; produc- 
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tion), a time-postinstillation-dependent trend in the reduction in PAM- 
specific 0; production became apparent for both groups. In addition, 
within this trend, the reduction in stimulated 0,- production (over the 
24- to 48-h period post-polyl:C instillation) by PAM from V-exposed 
rats was -60% greater than that with PAM from air control rats (34.5 
vs. 21.6%, respectively). As this result i s  in agreement with our earlier 
observations in which PAM responsiveness to OZ after stimulation with 
lFNy was decreased after V exposure (Cohen et al., 1993b, 1996a, 
1996b), we hypothesize that PAM responsiveness to polyl:C, like that 
to I FNy, was affected by V. 

This hypothesis is further supported by results from the phagocytic 
activity studies in which PAM recovered from V-exposed hosts dis- 
played: (1 ) significantly different activities compared to cells from 
polyl:C-treated controls, (2) a lack of an increase in phagocytic capac- 
ity (PC) above those levels obtained with PAM from saline-instilled V- 
exposed rats, and (3) smaller increments in phagocytic indices (PI) 
(compared to saline-instilled counterparts) than obtained with cells from 
air-exposed rats. 

Effects upon M$lPAM responsiveness to lFNy and LPS following 
hostlcell exposure to V have been previously demonstrated (Cohen et 
al., 1993, 1996a, 1996b). As i t  has been shown that polyl:C acts 
upon M$ using signaling processes similar to that of these agents 
(Torres & Johnson, 1985), i t  i s  possible that our earlier hypothesized 
mechanisms by which V might modulate cell responsivity to these 
biological response modifiers (i.e., via altered receptor distribution1 
functionality) may also underlie altered responses to polyl:C. Until 
exact mechanisms by which polyl:C acts upon immune cells are elu- 
cidated, a more precise explanation of how V might be affecting 
PAM ability to respond to this modulator remains uncertain. Still, the 
results here, in conjunction with our previous studies, clearly indicate 
that short-term, repeated inhalation of V in the form of NH,VO, 
alters the capacity of pulmonary immune cells to respond to impor- 
tant biological response modifiers. As such, modification of the lungs' 
ability to properly respond to agents that serve, in part, to regulate 
production of critical cytokines now appears certain to be an under- 
lying factor in the observed increased incidence of respiratory diseases 
in humans occupationally exposed to V. 
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