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' ABSTRACT 

Male B6CF1 mice were exposed to reaerosolized fly ash. The fly ash was 

collected from the final filter of an atmospheric pressure fluidized-bed coal 

I combustor and reaerosolized from a liquid nitrogen suspension. In four short 

I experiments, (30-36 hrs; 6 hrs/day for 5-6 days) the fly ash was a composite of 

I both start-up and steady-state material. In another experiment of longer duration, 

'(100 hrs; 6 hrs/day over a 4-week period), the fly ash used consisted of material 

I '  from only steady-state operation of the combustor. Fly ash collected during 

1 steady-state operation is about 10 times less mutagenic in the Ames.Salmonella 

test than is fly ash collected during start-'up operation of the combustor. 
I 

Mice exposed to fly ash in the short experiments showed a 2-4 fold increase 

I in the number of alveolar macrophages 4 days after exposure and these macrophages 

were full' of engulfed particles when exqmined by light microscopy. In -- in vitro 

tests 4-26 days after this exposure macrophages from mice were unable to kill a 

challenge dose of Staphylococcus aureus as effectively as those from control mice. 

There was impairment in both phagocytic ability and in intracellular killing. 

Macrophages from mice exposed for 100 hrs to fly ash collected during steady- 

state operation were similarly full of engulfed particles when examined 4 days 

after exposure. However, the ability of these macrophages to kill - S. aureus was 

unimpaired at this time and six months after exposure. These early observations 

I suggest that the presence of mutagenic material on fly ash impairs the ability of 

macrophages to phatocytize and kill a challenge dose of - S. aureus. 



' INTRODUCTION 

F l u i d i z e d  bed combustion o f  coa l  represents an emerging technology w i t h  g rea t  

promise f o r  meet ing Environmental P r o t e c t i o n  Agency performance standards. The 

Argonne Nat iona l  Laboratory D i v i s i o n  o f  Chemical Engineer ing operates an exper imenta l  

bench-scale atmospheric f l u i d i z e d  bed combustor (AFBC) f rom which t h e  s t a f f  

o f  ' t h e  D i v i s i o n  o f  B i o l o g i c a l  and Medical  Research have the.  o p p o r t u n i t y  t o  eva lua te  

t he  t o x i c  p o t e n t i a l  o f  bo th  t h e  p a r t i c u l a t e  m a t e r i a l  and the  t o t a l  e f f l u e n t  stream. 

We p lan  t o  s tudy t h e  e f f e c t s  on animals o f  exposure t o  whole, d i l u t e d ,  aged 

e f f l u e n t  f rom t h e  AFBC bu t  t h i s  r e p o r t  dea1.s o n l y  w i t h  exposure t o  p a r t i c u l a t e  

m a t e r i a l  ( f l y  ash). We have focused p a r t i c u l a r  a t t e n t i o n  on a l v e o l a r  macrophage 

(AM) f u n c t i o n .  The macrophage serves as t h e  pr imary  means o f  f o r e i g n  p a r t i c l e  

removal (Green, 1970) i n c l u d i n g  i nha led  pathogens ( ~ o l d s t ' e i n ,  1977). Any compromise 

i n  t h e i r  f u n c t i o n a l  i n t e g r i t y  cou ld  represent  a ser ious  h e a l t h  hazard. 

The l i t e r a t u r e  on t h e  e f f e c t s  o f  f l y  ash per - se on AM'S i s  scant,  a l though 

a l a r g e  body o f  i n fo rma t i on  e x i s t s  r e l a t i v e  t o  o t h e r  environmental  t o x i c a n t s  

(Goldste in,  1977; Gardner and Graham, 1977). A l a r i e  e t  a l . ,  1975 repo r ted  t h a t  

long- term exposure. o f  monkeys and guinea p i g s  d i d  no t  r e s u l t  . i n  p a t h o l o g i c a l  changes 

i n  t h e  lungs a l though f l y  ash was observed i n  the  AM's by l i g h t  microscopy. They 

d i d  no t  t e s t  t he  f u n c t i o n a l  i n t e g r i t y  o f  these c e l l s .  Aranyi  e t  a l . ,  1977 

demonstrated'cytotoxici ty -- i n  v i t r o  t o  f l y  ash f rom convent ional  coa l  combustion wh ich .  

was dependent on p a r t i c l e  s i ze .  P a r t i c l e s  < 2 urn i n  diameter were more t o x i c  than 

l a r g e r  p a r t i c l e s .  These i n v e s t i g a t o r s  a l so  found t h a t  f l y  ash coated w i t h  heavy 

meta ls  was much more c y t o t o x i c  than was uncoated f l y  ash. 

More recent ly , .  Wehner e t  a l .  (1979) repo r ted  a r a t h e r  low acute and subchronic 

t o x i c i t y  o f  bo th  n i c k e l  enr iched f l y  ash and f l y  ash i n  t he  hamster lung. F l y  ash 

was observed i n  AM's 2 mo a f t e r  complet ion o f  t h e  subchronic exposure. Func t iona l  

t e s t s  on t h e  AM's were no t  performed. 

We r e p o r t  here AM f u n c t i o n  f o l l o w i n g  shor t - te rm exposure t o  f l y  ash c o l l e c t e d  

d u r i n g  s t a r t - u p  ope ra t i on  o f  t h e  AFBC and AM f u n c t i o n  a f t e r  longer  exposure t o  

s teady-s ta te  c o l l e c t e d  f l y  ash. 

, -- -- - 



MATERIALS AND METHODS . 

The fly ash used in these experiments was collected from the final filter of 

the ANL AFBC (Kirchner et al.,' 1979b). We had two samples of fly ash available 

for use. The first sample was a composite of both start-up and steady-state 

material and it was used in four short experiments,, (30-36; 6 hrs/day for 5-6 days) 

designed to test our exposure facility and to determine acute effects. The second 

sample was collected during steady-state operation of the combustor only. It was 

used in an experiment of longer duration (100 hrs; 6 hrs/day over a 4 week period), 

designed to determine long-term effects of fly ash exposure. The two fly ash 

examples were similar in all respects except that the sample collected during 

'steady-state operation was about 10 times less mutagenic in the Ames Salmonella 

test than that containing start-up material. (Kirchner et al., 1979a). 

The experimental mice were male B6CF1 hybrids ' ( C ~ ~ B I ~ J  9 x BalbcJ f/Anl), 

approximately 150 days of age. They were exposed to reaerosolized fly ash using 

the liquid nitrogen system and exposure chambers described by Kirchner et al., 

1979a. The exposure system is shown in Figure 1. The system first disaggragates 

fly ash with an air grinding device followed by further disaggregation by sonicati'on 

in liquid nitrogen reduced to its freezing point (-210" C,). The fly ash is maintained 

in suspensi'on by stirring and the fly ash-liquid nitrogen mixture is sprayed under 

pressure into an evaporation chamber where it is mixed with air. The liquid 

nitrogen rapidly evaporates leaving the particles airborne. Essentially no change 

occurs in the physical and chemical properties of the fly ash during reaerosolization 

(Kirchner et a1 . , 1979a). The total particle concentration in this system is 1.3 x 

8 10 /1 of which about 3% reaches the exposure chamber. In the chamber, greater 

than 95% of the particles are less than 3 pm in diameter and thus well within 

the respirable range. 

At selected times after the completion of the exposures AM'S were obtained from 

the mice using the method described by Fisher et al., 1978. Twenty to thirty 



I exposed and c o n t r o l  mice were used a t  ea ih  t ime  p o i n t .  The c e l l s  were pooled and 
. . 

washed tw i ce  i n  R P M I  1640 medium ( M i c r o b i o l o g i c a l  Associated, Bethesda, MD) c o n t a i n i n g  

10% fe taq  c a l f  serum, 1% f r e s h l y  thawed L-glutamine and 100 u n i t s l m l  o f  p e n i c i l l i n  

and 10.0 pg/ml o f  s t reptomycin.  The AM's were resuspended i n  complete R P M I  

6  medium and adjusted t o  a  concent ra t ion  o f  approx imate ly  1 x 10 / m l .  V i a b i l i t y  was 

determined by  t rypan b lue  exc lus ion  and.was always g rea te r  than 95%. The c e l l s  

were seeded i n t o  60 x  15 mm p l a s t i c  p e t r i  d ishes and al lowed t o  a t t a c h  f o r  3  

h rs  a t  37 C i n  5% COT The non-adherant popu la t i on  was decanted and t h e  remain ing 
. . 

adherant c e l l s  were r e f e d  w i t h  complete medium. Fo l low ing  ove rn igh t  incubat ion ,  

t he  adherant popu la t i on  o f  AM's was harvested i n  s a l i n e  and t h e i r  a b i l i t y  t o  

phagocyt ize and k i l l  a  cha l lenge dose o f  Staphylococcus aureus determined. Cyto- 

c e n t r i f u g e  preparat ions.  were a l so  made and these were s ta ined w i t h  Wright-Giemsa 

f o r  l i g h t  microscopy. 

The assay used t o  t e s t  t h e  func t i ona l  i n t e g r i t y  o f  AM's was a  m o d i f i c a t i o n  

. o f  t h a t  descr ibed by Tan e t  a l . ,  1971. I t s  b igges t  advantage i s  t h a t  i t  

d i f f e r e n t i a t e s  d e f e c t i v e  phagocytosis f rom impaired i n t r a c e l l u l a r  k i l l i n g .  The 

t e s t  uses l ysos taph in  (Sch ind le r  and Schuhardt , 1964, 1965) a  m u r a l y t i c  enzyme which 

does n o t  en te r  i n t a c t  macrophages and which r a p i d l y  and s p e c i f i c a l . 1 ~  e l i m i n a t e s  

e x t r a c e l l u l a r  - S. aureus. B r i e f l y ,  t he  A M ' S  were incubated w i t h  a  l oga r i t hemic  

phase - S. aureus, (ATTC 12600) c u l t u r e  f o r  2 h r s  a t  37 C i n  t h e  presence o f  f e t a l  

c a l f  serum i n  a  shaking water bath. The r a t i o  o f  - S. aureus t o  AM'S was approx imate ly  

1 0 :  Fo l l ow ing  t h e  2  h r  i ncuba t i on  a  sample was withdrawn f rom c o n t r o l  (no AM's) 

and f rom tubes , con ta in ing  AM's from f l y  ash exposed and unexposed mice. These 

samples were s e r i a l l y  d i l u t e d  i n  d i s t i l l e d  water ( t o  d i s r u p t  t he  macrophages) and 

t h e  number o f  v i a b l e  b a c t e r i a  determined by p l a t e  count.  The d i f fe rence between 

t h e  count w i t h o u t  AM's and w i t h  AM's i s  t h e  t o t a l  number o f  b a c t e r i a  k i l l e d .  The 

remaining AM's were c e n t r i f u g e d  a t  500 xg f o r  5  min t o  remove b a c t e r i a  no t  associated 

w i t h  c e l l s .  The.AM p e l l e t w a s  resuspended i n  s a l i n e  and incubated w i t h  2 0 ' u n i t s / m l  



o f  l y s o s t a p h i n  f o r  20 min. The l y s o s t a p h i n  k i l l s  e x t r a c e l l u l a r  - S. aureus. 

T r yps in  ( 2 . 5 % )  was then. added t o  i n a c t i v a t e  t h e  l y sos taph in  and t h e  i n c u b a t i o n  

con t inued  f o r  an a d d i t i o n a l  10 min. The AM's were then  l ysed  i n  d i s t i l l e d  water ,  

s e r i a l l y  d i l u t e d  and p l a t e  counts  made. These counts  rep resen t  t h e  number o f  

5. aureus inges ted  b u t  'not  k i l l e d .  - 

I RESULTS 

I Four days a f t e r  t h e  comple t ion  o f  exposure t o  f l y  ash c o n t a i n i n g  s t a r t - u p  

~ m a t e r i a l  2-4 t imes  as many AM's were ob ta ined  f r om exposed mice than  f rom unexposed 
I 

I mice. L i g h t  m ic roscop ic  examinat ion of these  AM'S showed them t o  be f u l l  o f  . 
engu l fed  p a r t i c l e s  (F ig .  2 b ) .  We examined s l i d e s  prepared a t  each t i m e  p o i n t  and 

determined t h e  number o f  macrophages c o n t a i n i n g  p a r t i c l e s .  The number of macrophages 

w i t h  p a r t i c l e s  dec l i ned  as t h e  p e r i o d  f r om t h e  t ime  of exposure inc reased  (Tab le  1 )  

b u t  i n t e r e s t i n g l y ,  47% o f  t h e  c e l l s  counted s t i l l  con ta ined  p a r t i c l e s  26 days 
- 

a f t e r  exposure. 

Next, we re-examined t h e  s l i d e s  i n  an e f f o r t  t o  q u a n t i t a t e  t h e  number o f  

p a r t i c l e s  p e r  macrophage and these  r e s u l t s  a re  shown i n  Table 2. Not o n l y  d i d  

t h e  number o f  AM's w i t h  p a r t i c l e s  d e c l i n e  w i t h  t ime  b u t  t h e  number of p a r t i c l e s  

p e r  macrophage dec l i ned  over  t h e  obse rva t i on  pe r i od .  

Table 3 shows t h e  f u n c t i o n a l  a b i l i t y  o f  macrophages f r om mice exposed t o  

f l y  ash c o n t a i n i n g  s t a r t - u p  m a t e r i a l .  A t  a l l  t imes  a f t e r  exposure, AM's f r om 

exposed mice were unable t o  e l i m i n a t e  a  cha l l enge  dose of S. aureus as e f f e c t i v e l y  - 

as those  f r om c o n t r o l  mice. Four days a f t e r  exposure t h i s  de fec t  appeared t o  

. r e s u l t  from impa i red  i n t r a c e l l u l a r  k i l l i n g  because t h e  percentage o f  u n k i l l e d  

phagocyt ized b a c t e r i a  was h igh .  Impa i red  i n t r a c e l l u l a r  k i l l i n g  i s  b e l i e v e d  t o  

be due t o  i n t e r f e r e n c e  w i t h  c e l l u l a r  lysosomal enzymes (Vassa l l o  e t  a l . ,  1973, 

Go lds te in ,  1977). Twelve and 26 days a f t e r  exposure phagocy t i c  . a b i l i t y  was s t i l l  

impa i red  i n  AM's f r om exposed mice. 



/ Macrophages were obtained from mice exposed for 100 hrs to fly ash 

collected during steady-state operat.ion of the AFBC. Four days after completion of 

the exposure the AM's were full of engulfed particles and appeared similar to those 

shown in Figure 2b. However, the ability of these AM's to phagocytize and kill 

S. aureus did not differ from those obtained from unexposed mice. Macrophages - 

tested 6 mo after completion of the 100 hr exposure were also able to kill 

S. aureus as effectively as those from unexposed mice. - -  

DISCUSSION 

Cells which eliminate at least 90% of the ini'tial inoculum are considered 

to phagocytize and kill normally (Tan et al., 1971). When insignificant reduction 

in the number. of - S. aureus is observecl the defect may be either in the ability to 

phagocyt.ize or in the ability to kill the bacteria intracellularly. With poor 

phagocytic ability one observes a low number of surviving bacteria after the 

addition of lysostaphin. Conversely, a high number of surviving bacteria after 

the addition of lysostaphin suggests impaired intracel lular killing. 

In the short-term experiments reported here, AM's from control mice exhibited 

unimpaired phagocytosis and.killing 4-26 days after the end of the exposure. Macrophages 

from exposed mice showed impairment in these funct.ions at all time intervals. 

By 12 and 26 days after exposure repair was evident in the intracellular killing 

ability of these cells indicating a return of lysosomal enzyme function. The 

phagocytic capability remained impaired, suggesting damage to the cell membrane 

(Goldstein, 1977). 

In contrast to the effects on AM's following exposure to more mutagenic fly 

ash for one week we found no impairment in.AM function following much longer 

exposure (100 hrs) to less mutagenic fly ash. Heavy metal analysis of both samples 

of fly ash as we31 .as surface 'analysis and scanning electron microscopy showed 

that the samples were essenti.al ly identical (Kirchner et a1 . , 1979 a). Preliminary 
. . 

analysis'did reveal a higher hydrocarbon content in the mutgenic fly ash. Therefore 



' our results, while preliminary in nature, suggest that the effect we observed in 

.the short-term exposures was caused by mutagenic hydrocarbons adsorbed on fly 

ash particles. This hypothesis is supported by the work of Fisher et al., 1979, 

who.found that short-term exposure of mice to mutagenic stack-collected fly .ash 

resulted in decreased AM function. Long-term exposure to .less mutagenic fly ash 

had no effect. 
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TABLE 1 a 
blacrophages Containing Star t -Up F l y  Ash P a r t i c l e s  Af t e r  Exposure 

- -- 

Days a f t e r  Macrophages with p a r t i c l e s /  Percent 
Exposure number countedb with p a r t i c l e s  

26 126/268 4 7 

a  
Mice were exposed t o  r eae roso l i zed  f l y  ash f o r  6 hr /day f o r  6 
days. 

b ~ a c r o p h a g e s  were obtained.  by lavage,  p e l l e t e d  and s t a i n e d  with 
Wright -Giemsa. 



TABLE 2 
Number of Fly Ash Particles in blacrophages After Exposure 

Days after Number of macrophages counted 
Exposure No particles 1-10 ?articles 10-20 particles > 20 particles 

2 9 (7.7%) 2 7 (23.3%) 2 1 (18: 1%) 59 (50.9%) 

4 13 (10.4%) 2 9 (23.5%) 2 5 (20.1%) 57 (45.8%) 

8 27 (23.5%) 5 6 (48.7%) 8 (7.0%) 24 (20.9%) 

12 35 (28.9%) . 49 (40 -4%) 17 (14 ; 0%) 20 , (16.5%) 

16 64 (56.1%) 2 3 (20.2%) 12 . (10.5%) 15 (13.2%) 

26 78 (58.6%) 32 (24.0%) 12 (9.0%) 11 (8.2%) 

%lice were exposed to reaerosolized fly ash for 6 hr/day' for 6 days. 

b~acrophages were obtained by lavage, pelleted and 'stained with Wright-Giemsa. 



TABLE 3 
Alveolar Macrophage m unction After Exposure to Fly Ash 

Days after S. aureus 
exposure" - S. aureus killed ~ha~oc~tized but not killed b 

2 Control 50% Control 47% 

Exposed 25% Exposed 71% 

4 Control: 95% Control 4 % 

Exposed 75 % Exposed 20% 

Control 

Exposed 

99% Control 0.06% 

81%' Exposed NT+ 

12'\ Control 9 0% Control 0.5% 

Exposed 80% Exposed 2 % 

2 6 Control , 99% Control < 0.1% 

Exposed 71% Exposed 1 % 

- - 

%lice were exposed to reaerosolized fly ash for 30-36 hrs for 6 hr/ 
day. 

b~esults are expressed as the percent of a challenge dose of bacteria 
killed or phagocytized. 

'NT = Not tested. 



, . FIGURE LEGENDS 

F i g u r e  1. Reaerosol  i z a t i o n  system and exposure chambers. 

F i g u r e  2a. A l v e o l a r  macrophages f r om an. unexposed niouse. 

2b. A l v e o l a r  macrophages f r om a 'mouse exposed t o  . reaeroso l  i z e d  f l y '  ash 

4 days a f t e r  t h e  end o f  exposure. 








