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ABSTRACT

nA-general overview of sulfate air pollution is pre-
sented with the concluéion'that'fdrther‘basic reseatrch is
needed to détermine the exact relation ¢f sulfate pollution
to pulmonary disedse. - The importance of fossil-fueled
eleCt;ic power generating plants as a source of-sulfur_
oxides and Sulfate‘particulates is. discussed. »Details of -
aerosol generation for in vivo animal exposure afe given.
. However, emphasis is placéd on the importance of iung'macro—
phages'in,the pulmonary fesponse'to Vinhavled'Sulfa’te‘aerofsols°
Experimental work with ‘the lung macrophage in an ‘in vitro
culture system comparing_the response to metal sulfates
versus metal oxides is presented. Improvements and modifi-
cations of the experimental -system, especially enzyme de-
terminations, are suggested.

Experimental investigations rep¢rted herein are of-

a preliminary nature to establish possible ‘future areas of

. investigation.
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CHAPTER 1
- INTRODUCTION

Thefpoet*philosopher W. H. Aﬁden once remarked that
today in thektechnologically ad?anced countries there is
little to_fearvfrom,nature;'the iny'serious problem is mar,
"his mastery over nature has, as it were, brought man back-
to the same point at which he stood when he Wasrutterly
helpless before her." It is-no'longer the creatures and
forces of the natural WOrld, orieveﬁ éuch historic diseases
as the pox and;plagué, that threaten us most. Instead it
is the chemiéal»poliﬁtants of our own making. They are all
around us-=--in our aif, our water, our-food'énd on the thinés
we touch. |

| Some of the mbre‘important points about the effects
of pollutants on human health>andvsocietyiskattitude‘toward'
them .é.re : _ ‘

1) Risk,potential'rosévmarkedly-with the advent of the-
'industrial—révolution-while the ‘level of awareness ofrhealth
problems remained at a'relativeiy pfimitive'leveln« Society
seemed to accept the ténet that a certain risk was necessar-
ily linked to the process of making a living; Enyironmental

' contamination was tacitly considered an integral part of

1



progress and'prosperity° In the -expanding industrial and
technological age a keynotevabout pulmonary toxicology was
a profound apathy. |

2) Over the past few decades, especially since the end
of World War II, we have reiéased intd.the'envifonment a
vast volume of néW-chemical‘compounds with 1ittlefor no
knowledge of their health éffects, and‘withbvirtuallyrﬁo
effort to'détermihe'those effects or-to regulate the re-
lease of many chemicals .that might be hazardous. ©Not until
disastrous'pollutant‘episodésvsuch és Donora, London or the
Meuse Valley,were-any~inves£igatidns into the effects of the
sulfates and sulfur dioxide introduced.

3) -The'World Health Qrganization.estimates'that'66—90%
. {Trakowski, 1976) of all cancers are a result of-environmen~
tal factors. 'Yet the'odds are'that.only a relatively small
portion of the chemicals in 6ur envifdnmenf posé‘any se;ious_»
health threats. |

4) We are now cdncernediwith the-Varyiné qﬁality-of
health, much as we were concerned with distihctions between
health and élinical disease in the past;A We are interested
in an bptimaily healthy'enVirOnmehﬁ for allflevels of human
behavior and response.  Standards are}risiﬁg‘evérywhere with
a corresponding increasing demand that something be done now
abéut the vague, chronic ill~heal£h that has been regarded

as the inevitable lot of those past middle age. The belief
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is developing that causes can be discovered and controlled
and that the multiple, minor, and repeated environmental
~insults we have Unwittingly‘brOught upon ourselves==-"bron-
'chiéis;" "heart tr6ub1e,“ "rheumatism;" "fétigue," or'"éller~
gieé“*;may be contributors to such ill-health. We aré
concerned aléo'about possible delayed or long-range effects
from exposure . to environmental-pollutantéIWhich-&o not pro-
duce acute .or prompt respoﬁses° |
| 5) a large and %réﬁing share of diseaées £hat-cripple
and'kill'uSv—emphysema, anthracosis,-and~lung'cahcer~—are
caused by environmental_factors, in the broadest sense of
the word. These diseases are going to take an:ipcreasinglyv
heavy toll upon our lives‘andrwell—being unless and‘until we
stop trying.to deal with them by tréating them after they
occur and start taking serious steps to prevent;themffrom
0ccurring in the first'plade, |

. We remain almost entirely unable to discover how
harmful a chemical can be untii'years éfter it has become a
significant factor in our ec0nomy; 'Although it:is cleaf |
‘that there is a'wide;ranée of "safe" COncentrations and'_
that substances range from single puﬁe gases through-vapbrs
and fumes to solid dﬁstsL and there may be differences of
"toxicityfbétweén'chemicaily identicalAmaterialsa
| | ‘Thére arevthreats of global»climate éhahées causedri

- by atmospheric pollutants.  Of equa1 importance are the
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direct inhalational consequences of atmospheric pollutants,
such as acid mists, because the respiratory tract is a major‘
route of entry of gaseodous vapors into the body. |

We must consider "behéfit-versus*risk~facter," con-—.
'cerning ourselves more with latent'riske‘associated with
certain obvious be’hefits° JAt timee we may-have used our
limited technolqu and tradition ef_short—termethinking'as
‘blinders to potential hazards. While the benefits and re-
wa;ds:of a~rapidly-advancing society are large, tangible,
and immediate, the penalties to be paid for such progress
may be .often clearly uhavoidable, though'delayed ih time
and-less visible. There iS'little-complacency in the notion
that what doesn't show doesn't matter. |

We have been in the fortunate p051tlon to afford the
‘absence of effectlve control authorlty on an lnternatlonal
escale, The.quest;on 1s,cah*we aftord'thls luxury any
~longer? |

,Underlyingvthe.concern for'thelimplications of the
global,effeéts of pollution is the»impact—of en&irbnmental
requirements on the world economy!f_Caﬂ the ever—increasing
‘needs of a world population that may doﬁble by the year
2,000 afford pollution control?- |

One .author, Trakowski“(l976j beiieves that thiroh~

mental requlrements in the Unlted States are not damaglng



our economy,'but iﬁstead are a growiné source of strength
within it. In hearings before the U.S. Congress (1975),
Ashford expressed the Qpinion_that pollution centrol-require-
ments are a stimulant to.inaustrial development and inVesﬁ~
"ment, and is. creating a whole new field of industry and
concomitantly more Jjobs and new products--clean air, clean
water and eiean lend——which . ; . is.of immeasureable'valﬁe
-to the American public. On the other hand,ra recent poll by

Pollutien,Engineering (1978) of pollution control manufac-

turers reveals that inAmany'caeeS-the Environmentalinllu%
tion Agency (EPA) is setting such stringent specifications
for pollution control equipment that little new equipmentiis
being developed, Also,:EPA.interference.in the selling‘cf
*pellutionpcontrol;equipment and the lack of tax breaks to
those meeting or exceeding EPA‘requirementsfhave led to the
‘use ef_inferiOr‘pellution control'equipment'and-a heavy
-economic burden upon the . regulated 1ndustrles,

G;ven the potentlal seriousness of pollutlon health
hazards, it is a matter of urgency that we ‘move rapldly to-
expand and coordinate the control effortsAof.lndustry, na-
tibnseand specialized internetional agencies,}’This includee
-greater‘efforts‘in,diséemihating infofmation and‘perﬁorminé
research, - Vi ‘ |
| ‘>eThe SOurces'of;noxiOus materials sﬁbject tolihhalé;'

+tion and the circumstances under which exposure may occur
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are highly variable. For example, aﬁ industrial worker may
be subjéct to a,baseline low-level exposure during work
periods with a potential for episodic higher exposures,

- while the effluent from the plant of the same pfocessfpre—
sents a much-lower-level continuous éxposure to fhose living
in the region of the industrial plant. Wide disseﬁination
of the toxicant represents a still lower éxposuré; but to
greater numbers of,p.eople° .Allvof the“variables_that may
influence the relation of dose td response (sex, age,fetco)
aré applicable té.inhalation’toxicology° In inhalation
studies, however, the true dose to lung or other tissues
often is difficult to ascertain, énd from a practical vier
point thevrespiratory tract is often'subject,to mixturés of
chemicals and multiple:seté of-exposuré_characteristics;
Therefore, a study of a basic systém, éog,, luhg-ﬁacrqphages,
known to be one of the first biological areas of-éXpQéure
ahd reéponse to irritant pollutaﬁts is essential to under-
standing lung pathology.resulting frOm:chrOnid or acute

exposure.



CHAPTER 2
ENVIRONMENTAL CONCERNS RELATINGVTO SULFATES

'Thé‘irritant potency of sulfates is of considerable
interest in air pollution toxicology because suspended sul-
'fate partlculates are prevalent in the atmosphere in many

areas of the United States.

Epidemiology

Sulfate-containing aerosols are broadly distributed
throughout large regions of the eastern and midwestern
" United States. Sulfates contribute a larger portion of the
‘sulfur compounds measured in the western urban sites than in
eastern urban sites (Altschuller, 1973). Fly ash produced
by coal-fired pbwer geﬁerating:plantS'is an ubigquitous source
of aérdsolsrcontainingltrace-eleménts (Charles et:al., 1957),
The_potenﬁial for interaction with sulfate particulates or
aerosols is high because acidic.aerosols of sulfuric acid
are‘produced by'severai environmentally'important procéssesl
including stationary power. generating plants, smelters,
- petroleum refiﬁeries, and catalytid convertérs.onfmotOr ve--
hicles. The cationic suifates and'sﬁlfﬁric aéid from’ﬁhese
 activitie$,agcount for 5-20% of the total suSpenéed particu%u 

late in air.
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‘sulfur dioxide, the more predominant-of the sulfur
oxides, exists in community atmospheres as a result of burn-
ing of fossil fuels (coai-and 0il) containing sulfur. Ac-
' COrdingly,'méteorologic conditiéns being equal} the 802
levels in the air will~vary with the amOuﬁt-and type Qf fuei

'burned.’ In the past, higher SOZ levels_wére_experiénced in
‘coal~burning cbmmunities (London, Birmingham, England);
lower levels, in oil-burning communities, typical of citiés
in therUnited States (Stokinger, 1969) . |

| Until very-recgntly, 502 was cémmonly reieased‘into
the air. In addition, special devices such‘as tall stacks
or stack gas heaters, were used to deliberately spread these
-obnbxious wastes over large.areas-(Meyer;'l977)o'-Thus;uan
acute local.problem'was:transférmed into-a éhronic regional
nuisance. As a result, large.segments.of regional popula- .
tions héve been exposéd-td the effect 6f’toxic or”objeCtion%
able gases. During unfévorable weather éonditions; the
emissioﬁ_can bg trapped.énd accumulates in inversian layers
',reaching critical concentrations which advefsely-affeét
health (Shrenk et al., 1949). - During the last ten years, ﬁé
acute episodes have occurred, but=éarlier, such e?isbdes -
used to be quite common. The incidents of the Meuse Vaileyv
of Belgium in 1930 (Firket, 1936), in Donora in 1948 (Shrenk
et.alw, 194?), and in Tokyo} London (Hollahd} 1974), and New

York during the 1950's énd'early 1960's are still -



well-remembered. In several of these placés, mortaliﬁy
above the statistically predicted rate could bé demonstrated
-and autopsy data and,cardio~respiratefy.disﬁress in qlinical
patients was well-established (Shrenk et al., 1949) aﬁd
eventually led to large scalevlegal.action and‘to the study

- of the health effects of pollution.

Sources of Sulfate Pollution
‘Numerous sources of sulfate pollution exist.  Among
" the most prominent are . smelters, catalytic converters, and

- fossil fuel-fired electric power plants.

Smelters,
Sulfur participates in many important reactions.
Smelting of copper ore yields KMeyer, 1977):

cus + A:L;+ NH, ——% Cu + (NH4)‘ZSO4‘

In this reaction, sulfate is a bprroducto‘ Depending on the
- chemical path chosen, Suifate acts as an air pollutant, as
solid waste,Ao:-as sellable fertilizer.
One report (Hansen et al., 1974) indicates that the

' airborne particulate collected near smelters c@ﬁtain§'4'

' times the ratio of sulfite to sulfate.' In that case ﬁhe
activity of sulfite with"métal catalysts may be much more:.
f~'impcrtan£3than'SYnergismﬂof>sulfates»Withamétal=iOnéo

-~ Brosset (i973),lin'his review of the atmospheric chemistrj

-0f sulfur dioxide, indicates_that Suifité'is merely.én
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intermediary in the formation of sulfuric acid and sulfates.
Meye: (1977) claims that smelters emit such highly concen-

" trated sulfur dioxide, ﬁp to 5%, that unabated:emission

causes acute local damage (e.g., vegetation and health).

VCatalytic'Converters

Although catalytic converters do a good job of re;‘
rducing the emiséions of carbon monoxide and hydrocarbons,
they also catalyze the 0xidation‘of sulfur, a normal constit-
uent of gasoline,-to sulfite which leads to the formationv
of sulfates and‘sulfuric acidvaerosolA(Amdur,'l97l). It has
Vrecentiy‘béen suggested by a number of researchers, (Charies
and Menzel, 1975; Hansen et al., 1974), that catalytic de-
vices installed on 1975 mbdel and later cars may prove to be
a significant source for ammonium’sulfate, Amdur and Corn
- (1963) obsérved1that ammonium*sulfate (1.0 mg/m? for one
hour) was highly‘irritating to guinea ﬁigé causing a bron-

‘choconstricting reaction similar;to that seen in humans.

Fosgiléfueled Power Plants

Unprécedented, often'unrestricted,vgrowth in indus-
Atriai;activity throughout the world results ihrthe»consumpé
tion of high guantities of fossil fuels. Fossil-fueled
‘power plants areiconSLdered tO'be»thoéefﬁﬁilizing gases,a
“liguids, or,soiids és primary fuels derived, réspectivély,

from natural gas, o0il, or coal.” Gaseous emissions from
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qusil—fueled power plants generally contribute more mate-
:ial to the a;mosphere than do particulate emissions, except
 in the now rare case of uncontrolled coal combustion. One
of -the major emissions, in terms of mass, involves the sul-
fur oxides (National Air Pollution Control Adﬁinistration
Publication No. AP-50, 1969; Natusch, 1978). The impact is
rarely acute, but the delayed reléase of sulfur dioxide,
‘and its oxidation prodﬁcts, cbnﬁributes to anﬁoying.health
and environménﬁal problems (e;g.,.asthma and air opacity).

| The.world's‘coal reserves are well eStablished-and
immense. . Coal contains én average of 1.5% sulfur, most of-

which is released during combustion as sulfur oxides (Pattle

~ ‘and Cullumbine‘,'19'5‘6)° Presently,,sulfur'releaSed-frOmfcoai

combustion about equals all other forms of sulfur producti_o'n°
.if coéllcombustion becomes more important, sulfur réleased
from coal will make a ﬁajor impact, regardless of whether it
is recovefed“or-released to the atmosPhere; Air pollutioﬁ
control policy as:embodied_in the Clean Air AétlAmEndmenté
of 1970‘andvimpleménted by.the Envi;onmental Protection |
Agencyfis progressively reducing our usable coal base by

| tightening the limits on sulfur content (Mullan, 1974). The
immediate answer was the use 6f low-sulfur fuels until the

7 neceséafy emiSsion contrdl'technology_reachéd the commer- .. .
>ciallyfready.st§ge. However; és Amdﬁr'(197l) éfates,‘the -

- difficulty lies in the fact that the fuel in shortest supply
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is that naturally low in sulfur. Large reserves of low;
sulfur fuel exist, but they are primarily in the West,
undeveloped and generally beyond the ecOnomical transport
reach of the heavily industrialized East. Governmental
response tQ economic'pressure‘has been to rela#vlimits on
sulfur content of coal. Therefore, fUrther use of céalrin
an economically feasible manner .could result in continued
sulfate insult to our environment. |

Sulfur released from_coal is an inadvertent by-
product of industries which trédiﬁionally consider all their
combustion products és wastes. As shown in Figure 1, almost
: allapbwer piant by=-product sulfur enters. the atmbsphere as
sulfur]dioxide,‘vSulfuric acid,content.of the effernt‘from
the ?lant is lower, but remains in the air longer because
it is present as an aerosol or mist which is muéh less
‘mobile than a gas (Amdur, 1971). A little sulfur dioxide.
remains in the ashes as sulfate (Meyer, 1977).  Since the
‘sulfﬁr“dioxidé gas is heavier than’aif; it.doeé hot mix
well, and about 90% returns to'thé.soil within a day and
usually within a radius of-lesé<than 50 milesoi;in rare
cases, it cdntribuﬁésito the fertility of the soil in those
cases where there is a nutrient sulfur deficiency; moré 3
,commonly,'it damages forests and iaWns, aﬁd iS~cqnside:éd
é'nuisance orleven‘a ménaceoifPresent solutions include

" in lime and dumping it,.

taller stacks or catching the 80,
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Neither solution is permanent. Dumping may be worse be-
cause the waste persists longer. Taller stacks result in

release of the 'S0, .to a regional. zone, with complex, uncon=

2

trollable, and oftéen unforeseeable interactions, instead

2.to a local microclimate: with reason--

ably predictable interaction. Thus, if -the local damage is

Ve

of ¢onfining the S0

reduced by dilution, the exposed area is_increased,cand the.
damage isﬂmérely,spreadtbécause‘even'low COnéentrationS can -
cause-substantial,démagem»mA viable. solution depends.-on
integrating sulfuridioxide‘emissionkin”a useful qyclé”in
whidhztheiéuifur héé,a poéitive pur?osenand-uée.~'SﬁCh a-. -
cycle.éan»only.be-fOUnd”ifféombustion:products are con-
sidered-as;raw;materialéy,réther.thanan'wasfe;y-Thisf*
soundé.fine; howeveribmining_industfy)attempts to.mafket
sulfuric*aqid produced frdmaéulfur dioxideuemissions have
.beén notably unsuccessful. . |
Natusch (1§78)'reports that,:in the absence. of con--
trol, the”amounts;Qjﬁsulfurﬂoxides:emitted-from~a‘fQSSil~ff
fuéled'power plant~ar¢udiréc£ly reléted torthe-sulfur-contentn
,Of the fuél=burnedrb-ln thiswcasefftYPical-SQx-emissions.lie
3indthe'range-500—30D0.ppmﬁWith—lOOOfZOOO'ppmgbeingwmést,comet
monly encountefed%(Natusch;51976).»LNoWadayé%;however,vmost'fs.
majof installatiqﬁsqutilize;controlyequipment;which‘typicallyf
achiEveé18b%90%'removal-of-3OXZ«Geherally,{abogt!2-3% 0£~the

emitted:Sulfur>oxideSjare'inuthe férm ofssogfwhich»reacts
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rapidly with water vapor to produce sulfuric acid mist, part
of which may be.deposited on the stack walls and the rést of
which is emitted to the ambient air (Brosset, 1973)6-‘A

small amount of the SO, is also chemisorbed by fly~aSh par—

2
ticles to form metallic sulfates. In addition, stack gases -
259
The rate and extent of sulfur dioxide conversion to sulfuric

and urban air can yield smog, primarily H (Meyer, 1977).
acid mist and éolid particulate sulfate in a powef.plant
plume are unknown:; howevef, current thinkiﬁg is that these
processes occurvfairly extensively, so that a significant
proportion of the gaseous sulfuf oxides produced.actually
occur in urban atmospheres as sulfuric acid mists or as par-
ticulate sulfate (American Chemical.SOCiety, 1969) . This is
an important consideration, since it means that‘the-health"
hazard presented by gaseous sulfur oxides may be“partly~mani+'
fest through inhalation of sulfuric acid aeriosolrand sulfate

particles.

Sulfate Atmospheric Chemistry

. , :
The key to the role of sulfur dioxide in air pollu-

tion toxicology lies not in the gas itself but in its atmos-
pheric chemistry. Sulfur dioxide is chemically unstable,

_ and thus pquesses the ability to react catalytically or

: photdchemically with materials in the atmoéphere (National
Air Pollution Control Administration Publication No. AP-50, -

1969). The most widely studied reactions are oxidation of
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sulfur dioxide to sulfuric acid and sulfate<particulates
(Charles and Menzel, 1975), reaction of sulfur dioxide witﬁ
ammonia, and the reaction of sulfur dioxide.with air pollu-
tants, i,é;, trace e1em§nts, The presenceior absénce of |
| humidity plays an important role in these reactions (Novakov,
Chang, and Harker, 1974).

~ In all systemé,réaseousrsulfur dio#ide converts_to
non-volatile sulfate which forms aerosols. The aerosols can
affect the opacity of the air, they can participate in reac~
tions with other pollutants or qatalyze reactions in the
‘polluted atmosphere, and they are known to;aggravéte pre-
.eXisting'health~problems (Envirqnmental,ProtectiOn.AgenCy,
1974); 'There’is*substantial controversy about.theihature of
the conversion of sulfur dioxide to sulfate; the reaction
~me¢hani5ms in‘the atmdsphére are stilllnbt:well understood.
The following discussion attempté.to summarize what ‘is known -

or surmised about atmospheric reactions of sulfur oxides.

Oxidation of Sulfur Dioxide (s0,) .

E-During chbustion_Of sulfur-containing fuels,lthe
sulfur~is-primarily coﬂverted tquOZ; The behaviorlof'this,
- product, as illustrated in'Figufe.Z, followsvtwo‘different
Areaction pattérns,_(a) and'(b)°

: .Approxiﬁately 2-3% of the 50, is oxidized iﬁ the

stack and converted to concentrated HZSO4' part of which may

be deposited on the .stack walls and the rest emitted to the
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Figure 2. Catalytic oxidation of sulfur dioxide

out (a)

some may remain
in stack

®)

catalytical
oxidation

+ so?

(Brosset, 1973).

Oxidation occurs slowly at 400°C without a catalyst (National Air
Pollution Control Administration Publication No. AP-50, 1969).
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ambiént air. Deposition in the stack is'usually not desir-
able, due to the corrosive effects,.and is avoided'by re-
leasing the flue gases at a sufficiently high temperature.
As discussed previously, heating the stack causes increased7
dispersal of the flue gasesvand ié, therefore, undesirable.
Electrostatic,preéipitators are currently in use in smelter
stacks'tofréduce'sulfur oxide emissiqns°

When emitted to the ambient air; drops 6f cdncen—
trated HZSO4 react according to (a) they pick up watef and
evéntuallyj_due'to-the water vapor}pressure in- the atmos- |

phere, form dréps of approximately 5 M HZSO4; the Soz,that
is not oxidized in the stack reacts according to (b) in .the.
'jatmospheré SOZ cdmeS'in;COntacﬁ with very small partiéles

- covered by an aqueous film or with water drops. The film
'Qn the dréps may cbntain'dissolved or suspeﬁded substances,
e.g., iron compounds. 502 is dissélved'whiie forming
H,S04,
is dissociated to H', HSOz, and SO2-
Under the influence bf iron oxides or. chromic oxide

which is a medium-strong acid in the first step, and

ions.

acting as catalysts (National Air Pollution Control Admin-

‘istration Pub1ication'No,”AP—SO,'1969), HSO§ and Soif'are'

~rapidly oxidized td B SO4‘(Johnst0ne-and Moll, 1960). This

2
. means that H2803 is replaced infthe drop byiH2

“a strong acid. Because of the increase in acidity of the

SOy WhichVis;”

Lsolution,'the dissociation of stog, formed.through‘
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is restricted and the oxida-

additional absorption.of_soz,
tion_slows down. According to Junge and Ryan (1958), the
prqéess'ceases‘entirely~when the solution'reaches~pH = 2.2. -
| Junge and Ryan (1958) aiso_shOwed that fof catalytié
oxidation (a) the maximum possible sulfate formation is a

linéar'functiqn of the partial préssure_ofﬂso in the atmos-

2
phere; (b) sulfate formation can account for observed sulfate
- concentrations in rain, fog, and smog only if some neutraliz-

ing cations in the aerosols or traces of NH, in the air are

3
present; (c) no appreciable oxidation takes place in the
absence of a catalyst; and (d) initial oxidation is rapid

and controlled by S0, concentration.

2
Drops;df'sulfuric acid formed fhfough reacfiop (a)-¢1
or (b) can come in contact with, for instance,biron dxide
particles, Réadtion (b)’may also start on such irén dxide
particles (National Air Pollution Control Adminisﬁration
Pub;iCation Nd; AP-50, 1969). 'NovakOV,»Chang, andVHarker
(L974) confirﬁed this by demonstrating that moiét suffaces'
of particulates.aré such'effective catalysts for the oxida-
rtionuqf-soz to SOZE
cient to accbunﬁ for most of the ai£ pollution éffeéts whidh'

»thai ambient'concentrations'are suffi-

formerly have been explained by gas phase mechanisms. This
is not astonishing,»as the particulates accompanying sulfur

dioxide from power plant_étack51consist of fly ash (Meyer, .
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- 1977) which contains traces of transition metals as shown .
in Table 1.

Some metal oxides will oxidize SO, directly to. sul-

2

fate. These include Fe,O and CuO. A sulfide

2037 2937
- is also formed as a product if the metal ion is not reduced

zZn0O, Mn

to a lower valence state (National Air Pollution Control

Administration Publication No. AP-50, 1969).

Table 1. Trace metals concentrated in fly-ash partlculate
emltted from a fossil- fueled power plant.@

Trace ’ "~ Concentration
Metal ug/g of Particles ___Comment
Cadmium 7 35 ' Concentrated
- Nickel" | 1,600 . Concentrated
Zinc 13,000 ‘Concentrated
- Iron 15 wt. % ) Only limited trend to-
: ' y wards concentration in
Manganese ‘ 470 ) respirable particles
cobalt? | = . Not particularly en-

riched in respirable
- particles, but wvalues
of 130 ug/g have been
-reported

Source (Charles et al,,_l977)
bCobalt is the most poternt catlon for 1ncrea51ng absorptlon
of sulfate ions as demonstrated by intratracheal instilla=-

tion.

‘Photochemical oxidation of atmospheric sulfur di-

oxide to sulfur trioxide proceeds in the presence of oxygen
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moist air and sunlight (Amdur, 1971). Sulfur trioxide, at
all vapor pressures in. air except the very low, immediately
combines with water to form.sﬁlfuric acid; therefore sul-

- furic acid, rather than sulfur trioxide,.is normally found
~in the atmospheré° Sulfur trioxide is a strong acid and
readily reacts with metallic oxides to form sulfates.

and Fe,0,, catalyze the oxida=

2. 273
tion, therefore increasing. the rate of reaction (Amdur,

~Metal oxides, such as MnO

1971; Barrie and Georgii, 1976). Thus photochemical oxida-

tion in smog is faster than oxidation in "pure" fog.

Ammonia,and Sulfur_Dioxide

: Ammoniavand_sulfur dioxiae»are both present in the
f:atmosphere;.their reaction has.been iﬁvoked to éxpléiﬁ the
atmospherlc behav1or of sulfur dioxide, and 1s used in air
pollution abatement systems (Meyer, 1977). It should be -
pdinted out that the sulfuric acia fofmed-in water dropleté.
as a product of SOzloxidation can be.partialiy néutralized3-
- if the particle contains acid solubleroxides and if NHZ is
‘taken up from the atmosphere (Arrowsmith, Hedley and Beer,
-1973; Treon et al., 1950). This reaction resulté in'drops

- containing concehtréted solutions of'(NH ) 4 SO together with
& number. of hydi‘atéd'm’etal_ivons'-(B'rosset,'l1973)°

| Gas»phase~feécti0ns are different in that if,SOz’is 
in great excess, a l:1 ccmpéund of NH3:$O2'formé, bfobably

amidoéulfurous-écid (NHZSOQH),Vbut the large amounts of NH3“
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normally present in the atmosphere lead to the formation of
several 2:1, NHB:SOZ,
(NH4)‘2-SO4 (Scott, Lamb and Duffy, 1969). Therefore, ammonium

compounds all of which oxidize to

sulfate is still cohsidered to be a principal cqmponent'of
sulfate residues in the atmosphere (Atmospheric Analysis Lab-
oratory, l975;'EnVironmental Protection Agency, 1974). Based
on the acid-base nature of sulfur dioxide and:ammonia, such -
a relationship is to be expected. |

The present output.of sulfuric acid by auto exhaust
catalytic'converters is probably converted to a mixture of
ammonium sulfate and sulfuric acid by environmental ammonia.
Iﬁ addition,_secOndvgenerétiOn auto exhaust devices ihclu&e
the addition of a reducing-catalyst to cohvert'ﬁog'to nit;¢%
~gen. Carbon monoxide serves as the source of electrons aﬁd
- during thé.incomplete reéuction OfiNOg ammonia is the
favoréd’product, resultingvin.greatersamOunts of ammonium. 
sulfate outbut to the atmosphere (Charles and Menzel, 1975).

2

goes a. transition from the dry crystal to aISQluticn droplet

"At a relative humidity of approximately 80%-(NH4) SO4 under-

(orr, Hurd, and Corbett, 1958).

As stétéd earlier,'thé physical'and chemical inter-
actidﬁs among the particles, gases andfvapors in the
atmosphere are complex, constantly chaﬁging.and qurly
understooda. TheVSCiences76f-aefobiology, chemistry, and -

physics have onlyfrecentlY'come of age in thfs.respect,'so
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that knowledge of any given exposure ﬁo air pollutant mix-
 tures is largely inadequate. The next section will attempt
to explaih'aerobiologic and physical factors relating to -

sulfate particulates.

Irritant Properties of_SulfateLAerosols

Amdur (1971) has produced convincing evidencethat
not only is the response to a given aerosol concentration
greater as the particle size decreases, but also that:the
dose-response curves are steeper as the particle size de-
creases. This means that a small increase in mass concen-
tration produces a-larger_increment in biological~res§onse
as the~partiole size is decreased. 'ThiS;emphasizeebthe
Very'important point that if a compound isrdispersedras a
particulare material, a measure of mass concentrationealone

.does not permlt assessment of 1rr1tant potency. If the

- 'particle size is essentlally equlvalent,_then sulfurlc ac1d

is a more potent irritant than sulfate aerosols (Amdur,-
1971). On the other,hand,‘if zinc ammonium sulfate is‘pres»
"ent, dispersed as a fine aerosol then it is the morefirrim
.-tant (Amdur,'i971°‘l974) There is a need for more data

relatlng partlcle size to 1rr1tant potencya

- Particle Size and Pulmonary Deposition
The aerodynamic size of a partiole is a major func-

‘tion in determining the efficiency with which it can be
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collected by control equipment, its atmospheric transport
characteristics and lifetime, and its depoéition and clear-
ance behavior when inhaled (Natusch and Wallace, 1974).. In
~addition, the size of a particle determines the specific
-surface aréa which can come into intimate éontact with body
fluids:and tissues (Natusch, 1978). The size distributions
of particles produced by different power plants exhibit con-
" siderable variation; however; a typical size distribution of
- fly ash emitted from a coal-fired power plant equipped witﬁ

an electrostatic precipitatof falls in the respirable size
range (Jénes, 1972). In fact, a large portion of the total
pollution aerosol, and the dominant portion of'thefaérosol
- of submicron size, is formed'Within-the.atmosphere from
“gaseous precursors,associaﬁed with combustion sources
(LippmamnandAltshuler, 1975)01

' Relatively‘few-measurements have:bééﬁ.made of par-

ticle sizeAdistributions in ébwer plant pluﬁes; Naiuséh
(1978) made a rough determination that particulate material
collected at a distancé of 5 miles downwind from a coal-=
fired poWer‘plant'plume under stable plume conditions has
: an*aerédynamic mass median diémeter'in Ehé rénge 0508 -
0.025 micrometer. Such‘sampleé usuallyveghiﬁit a bimodal
distribution, with the two modes being centered.éroundf0004
- micrometer and 0.3 micrometer. The smaller modal particleé

are thought to represent a secondary aerosol consisting



- 25
primarily of sulfate particles. Similar general behavior
could be expected for oil or natural gas-fired power plants°

Inhaled partlcles deposit in the component regions
of the respiratory tract (Casarett, 1972; Green, 1974;“Lipp—
mannand Altshuler, 1975) according to:

1) their size, density and aerodynamic drag factor,.:

2)  the averagévrate and time pattern of flow,

3) the geometry of passageways and spaces.
The single most imoortant feature of atmospheric particles
is size. The smaller the particles, the -greater the irri—
tant action at any given mass concentration (Amdur and Corn,
1963) . When the number of parﬁicleS'per unit volume is
equal, the largerISized aerosols are more irritant (Amdur .
and Corn, 1963).

| lﬁAlthough there are many_sahpling devices and numer-

. ous means -of eXpressing the size characterisiios of particie
populations, one convention is‘uéed most often and most
effeotively.b'This ié either the countAmedién diameter.(CMD)
or the mass median diameter (MMD)- (Casarett, 1972). This
usage &erives from the observation that most‘natural'(and_
many geherated) aerosols exhibiffpatterns approaching log~
normal distributions. |

Several other_important'charocterisfics of particles
‘are'shape, hygrOSCopicity, and densitya_ CﬁStomarily<shape_

of particles is assumed to be spherical. That this is not
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true is obvious. Thermanneriin‘which the shape of a par-
ticle may alter its behavior in the respiratory air stream
is complex and not subject to clear means of prediction.

' Hygroscopicity of particles is of impoftande largely
because of itslinfluence onvsize; As usuallf measured, par-
ticles are not eaturated.with water. On entry into tﬁe
respiratory tract with its saturated atmosphere, particle
size may change markedly. This is true of sulfuric acid,
sodium chloride.and glycerol (Lipbmann and_AltShuler{ 1975) .
Thus the true size as "seen" by the'respirétory tract may
‘be considerably different from the measured size outside
the tract. All~ether factors beingeequal;yhygroscopicity
is of less signifieance~with}par£icles-0f“high'density;

The physical diameter of a partiele is not usualiy
a suitable measure of its behaﬁior'in the-feSpiratorj air;
'streamﬁ_’The aerodynamic diameter of e particle-is a func-
tienVof-both the physical diameter and thé-density of the
substance. For example, given two particles of the same
thsicel size, that which has the higher_density is, aero-
dynamically, a larger particﬂe; The aerodynamlc dlameter
- as deflned and dlscussed prov1des the best avallable measure
agalnst which to examine reglonal depos1tlon in the resplre—
tory tract (Casarett, 1972). |
| e The major subd1v150ns w1th1n the resplratory tract

g‘differ markedly in structure,.s1ze, functlon, and response
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to deposited particles. They also have different mecha-
nisms and rates of particle elimination as will be discussed
+ in Chapter 3. Thus, complete determination of an effeétive
tissue dose from an iﬁhaled aerosol depends on: |
1) regional déposition,
2) retention times at the deposition sites and along
the elimination pathways,
3) the physical and chemical properties'of the parw’
ticles and their biological effects (Lippmann and
Altshuler, 1975).
The remainder of this discuséion‘centers on the deposition
pattern of inhaled particles and selected factors.which
determine it. |

A simple stylized summary of the deposition pattern
and processes involved is presented. In Figure 3, a geo-
métric preséntation of a res?iratory'tract is presented
with a few salient features. The parﬁicle sizés, in ﬁicrons;
do not represent the physicai sizes of the,particles but
‘rathef their»aerodynamic size; -Further, the sizes aré in-
tended to be modal, i.e.y they'represeﬁt~size,ranges within‘
VWhich the_pioﬁability of-deposition»in’the étated compaftment
are highest, except as noted below. The sizes of the respi-
ratory compartments given in Figure 3 have no quantitativev-'
.’significance,-but’quaiita£iVéiy fépresenfvthe incréasingv'

- volume and;surface area of the réSpiratory tract from the
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nares to the alveoli. Finally, the divisions of sizes and
processes are neither abrupt nor mutually exclusive, de-
picting predominant features in the gamut of sizes deposited
throughout the tfact and the principal influences in the
depoéition'process° '

Particles deposit in the varioué regions of the
respiratory tract by a variety of physical mechanisms; Ac-
cording to Lippmann and Altshuler (1975), deposition effi-
ciency in each region depends on the aerodynamic properties
of the particles, the anatomy of the airways, and the geo-
metric and temporal_patterns of flow‘throuéh them. Impac-
tion is important in particle deposition_Where air flow
rapidly changes direcﬁicn while following the tortuoué pafh
through the nose and'pharyngealAregion begause the momentum .
of the particles tends to keep fhem in;théir*priOr'direCB
tions, which can carry -them onto-airway surfaces. The par-
ticle size with detectable deposition in-this region extends
to about 1 micron and deposition is virtually complete at
sizes grea£er than 10 microns. With decreasing air"velocity
and-leSS»abrupt changes in the airectiOn of airfloﬁ)'there
is greater-residencé time of particles which have pgnéfraﬁed
the nasopharyngeal region and gravitational sedimentation
. becomes an important mechanism fbr'deposition inbthe smaller‘
brOnéhi, the brdnchiolés‘and the aiVeblar épéces7wheré-£he

airways are small and the air velocity low. The particle
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sizes in this region extend over a rangerof 10 microns. In
the alveoli, despite the fact that air velocity approaches
zero and directional changes are not significant, gravity
is less important because.only very small particles réach
the alveolar region. Thése submicron particles then undergo
a random motion caused by the discrete impacts of gas mélef
cules, which,iesults in diffusion onto the,alveolar sﬁ:face;
This Browhian motion increases with decreasing particle size
and becomes more important.

Because of the dependence of deposition on effective
fallihg speed, the penetration of a particle into the'lung
'ié'influeHCed by .air velpcities and breathing patﬁerns° In-
creasing velocity.augments,impaction dePOsition, but decreases
sedimentation and diffusional deposition by dec:easing,resi—
denée time. ,Céntral deposition of particlés is fa&ored_by
deep inspiration, slow fespiratory.ra;§; breéth;ho1ding; ahd
airways obstruction. It thus becomes apparent that the risk
of exposure to an airborne pollutant will depend, in part,
on the respiratcry patterniof'the'exposed individuals, e.g.,
- mouth-breathing in sleep, and on the level of physical ac-

- ti&ity, é factor that haslgreat inflﬁendé oﬁ respiratory
. breathing patterns (Wolff et al., 1975).; In ﬁieW'of the
fact that only micronic particulates penetrate to therdepths

- of the lung, only 'small total volumes of~liquid aefosols can
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be expected to reach the distal portions of the tracheo-

bronchial tree (Casarett, 1972).

Production of a Respirable Zinc
Ammonium}Sulfate‘Aerosol

As just discussed, the toxicity of an airborne ma-
terial is related to particle size, in addition to its |
atmOspheric.concentration. Determination of the size of
sulfate particulates has shown that the major portion are
smaller than 0.5 micron in diameter (Brosset, 1973). ﬁow-
ever, the respirable range is up to 5;microns and zinc
ammonium sulfate has been estimated to have occurred in the
Donora fog episode of 1948 (Hemeon, 1955) in the respirable
range as one of the primary irritant aerosols. 1In eddition,
zinc andtsulfur dioxide emitted simultaneously from ﬁossil—
fueled power geheratingiplants (Charles et al., l977);will
combine to form irritant particulates (Amdur and Corn, 1963;

Amdur, 1974).

,Experimental Objective. The purpose of this study
was to determine the cohcentratioh of zlﬁctammonium sulfate
neeaed to produce a respirable aerosol-and'to~ohtain.a lOf
20-fold range of»concentrationvwithin a 44 liter»aﬁimal

inhalation exposure chamber.

Methods and Materials. A SChematic of the dynamic
;exposure system used. is. presented in Flgure 4° A stream of

generating air was passed . through a 51llca gel drylng
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Figure 4. Schematic representation of the =zinc ammonium sulfate aerosol

exposure apparatus.
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chamber and into the base of ‘the nebulizer to exit érom the
“hollow glass ball within the nebulizer. Fifty milliters of
the zinc ammonium sulfate solution dripped at a constan£
rate, detérmined by the varistaltic recirculating pump, onto
the‘outer‘surfacé‘of the hollow glass ball. The zinc ammo-
nium sulfate aefosol formed as the solution péssed dvér the
orifice through which the generéting air'eXited the hollow.
_glaés ball. The resultant aerosol impinged on a second-
smaller solid glass ball at a distance of 3/16 inch from
the orifice in the first ball to produce'a'respirable1par—
ticle size. The zinc ammonium sulfate aerosol was driven
through a glass column by a-stream of diluting air at a;
constant rate into a 44 lite£ Pyrex bell-jar;;'The aerosol
was exhausted th£0ugh an outlet at the bottom of the Chambe£ 
- door into a water trap. | |
An airtight, éasy éccess into the chamber was pro-

vided by fastening a 1/2 inch.ﬁhick 1ucitegplate to,thé
| chamber With 16 1*374.inch x 1/4 inch‘heﬁ bdlts, The bolts
were fixed in 3/4 inch x 1-1/2 inch lucite‘expozied to thé
outer_éircumference of the chamber. = Two rubber tubing
O—:ings-inSured aﬁ édequaté‘seél.  |

| The zinc ammonium sulfate aerosols were generated by

nebulizing a 5.00 g/100 ml zinc ammonium sulfate“soluﬁion;
g An.aéréSol sampleldrawn at (rabbit) nose levéi‘was buﬁbiéd,

at a rate of 960 ml/minUte, through a 100 ml 7.5 x 10‘7;
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~hydrochloric acid (HC1l) solution for 5 minutes. A dilute
acid solution was necessary to prevent absorption of the
zinc onto glaés surfaces of the aerosol bubbler. The zinc
.~ ammonium sulfate concentration was determined frqm a 20 ml
sample of the bubbled dilute HC1l, containing trapped zinc
ammonium sulfate, by atomic absorption spectrophotometry
(University of Arizona Analytical Center). The concentra-
tion’of zinc in the 20 ml sample-&as_read from a standard
curve, made with each atomic absorpﬁion run, of concentra?
tion of standard versus peak height from the atomic absorp-
tion readotut. .The amount of zinc ammonium sulfate

(ZnSO4(NH4)ZSO» . 6H20) in the sample was determined from:

4

. , _ : FW zinc ammonium
1g zinc ammonium sulfate = uyg Zn/ml x sulfate (401.66) "

'FW Zn (65.37)

ug Zn/ml x 6:144

Aerosol concentration was adjusted~byAmanipulatih§
thé air flow iates into the nebuligzer and thence into the
-chamber. An increased generating.airvflow and/or decreaéed_
dilutiﬁg air streams produced the hiéher concentrations;
Conversely; a decrease in generating air flow rates and/or
incfease in the diluting'airlflow rates produced a lower
concentration. Increasing'zinc_ammonium sulfafe solutionb
' .concentrations élso incfeased aeroéoi concentration.
e The aerosol parﬁicle sizér(Mass Median'Diameter) was

- determined using an eight-stage cascade impactor. The zinc
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ammonium sulfate aerosol was drawn throuéh the cascade im~-
pactor at a rate of 735 ml/minute for 15.0 minﬁtes° The
effective cut-off diameter for each stage was determined by
Gomez (1978}: |

_ 3

Effective cut-off diameter = 1265 x 7

hole diameter in centimeters

where: W

F flow rate in cubic cm/minute

Zinérammonium sulfate accumulation on each stage was de-
termined by atomic absorption, The percent cumulative éié—
tribuﬁion was plotted agéinst the effective cut-off diameter.
The 50% intercept is equivalent to the aercdynamic mass
'median diamete; (AMMD) .  The,AMMDrwas§¢onv¢rted'to the Mass
Median Diameter (MMD)>by:‘ o

MMD=\/?A:@§”W"°J |

P : S _

where p = solutionidensity’l,ols,

Results. A 5.00 g/100 ml zinc ammonium sulfate solu-
tion at three différent‘combined generatin§ and diluting air
flow rates gaVe:average.aérosol concéntrétiohs 6f 8,65}
94.17, and 159.06 mg/cu m zinc ammonium}sulfate, At 8.65
mg/cu'mf a particle size of 1l.41 micron was obtained; while
at 94.17 mg/cu-m, a particle sizg of 1.19 micron'was obtained.
‘No data was obtained for the highest concentration aerosol.
Thé-cémplete-résults are'giVén’in Appehdiva; L |

Commening usable range of zinc ammonium sulfate

aerosol concentrations with respirable size particles can be
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produced usiqg a nebulizer. Since particle size drops with
increasing air flow rates, the particle size range at the
highest concentrationtobtained with the 5.00 g/100 ml zinc
ammonium sulfate solution will éontain a higher proportion
of submicron particles than the lower concentxation aero¥
sols,1¢Onsiderably changing depésition characteristics in
“the respirato:y tract of the exposed énimal° To generate
particles of a size comparable to that obtained for the two
" lower COncenérations, while maintaining a higher total |
aerosol.concentratioh,'it-might be necessary to increase
concentration of the zinc ammonium sﬁlfate sqlution and use
the same diluting and.generating air flow rates previously
used to-prodﬁce thejmid—range,_94al7 mg/cu m aerosol.

Nebulizers chéractefistically producerheterogehdus
droplets which evapofate and leave heterogenous éarticle
‘residues. Ideally for a toxicologic study, it~s desirable
‘to have an homogeneous solid aerosol. However, by insert-
ing an impactor devi¢e'downstream-(Amdur and Corn, 1963), it
is possible to rembvevthe largest droplets from fhe droplet
séectrum.produced>and"thus narrow the resulting particle
size diStribution,, This would be an advisable modification
of the apparatus in Figure 4 since the COncentrétions of
“zinc amenium sulfatéron the various stages of the impactor

showed a wide spread of pérticleisizes,
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Concentrations obtained in the chamber are reported

-as aveéages because a consistent observation was a markedly
' lower concentration during the'first 5 minutes of aerosol
.generation{ risihg to a constant level by -15 minutes. This
is due to the nécessity for, first, mixing of the aeroéol
with the ambient air of.theléhamber and, second, due to
surface effects (Silver,.l94§),of.the chamber on the aero=-
sol. Silver (l946)-therefore'recommendea that animals to
be exposed should be introduced into the chamber through a
door after. the aesired aerosol‘concéntration has been
éstablished; Opening the door results in a decrease. in
chamber concentration, but this can be minimized by higher
- rates of-air'flow, use of the smaliest,possible door, and
expeditious placement of the experimental animal in the
exposure chamber. It is also important that.animal volume
not be greater than 5% of chamber volume. |

| Modification of the aerosol apparatus in Figurer4
with an impactOr downstream from the nebuliﬁer, inclusion.~
of a Quick opening-door (other than the preéeﬁt chamber éeal)
ahd observation of  the preCautiOns noted by Silver shouid .
. make tHiS'exposure system rdperable'with comparative-effi~

ciency.

irritant Sulfates and Synergistic Effects = - -

All estimated injury by urban sulfﬁr oxides is due

to chronic exposure in conjunction with moisture,
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particulate, and other gases. These synergistic mixtures
are found in ambient air, eSpeciéliy in the vicinity of
-fossil<fuél flues. At concentrations above present thresh-
‘old limit values they can form acute irritants. Tablelz
lists the present air qﬁality standards for these»pollutan£s
singly. |

 Some studiés of mixtures of gases have been carried
out, for example, 6zone,with nitrogen dioxide (Mﬁrphey-et
al., 1964). Most often the effects of mixtures appear to b?
simply additive or substitutive.

A Strong»trend toward realistic_pollqtant exposure
..1s readily detectable in the literafure, A'review by Heiman
(1967) cites a number of animal studies of naturally occur=-
ring atmospherés through 1966,"The sometimes -eguivocal |
results of epidemiologic=studiesion smbgs sinée.l966 {Envi=
'ronmental Protection Agency, 1974;»French et’ai,; 1973}»makes
it obvious 'that some caution is ncessary before attempting to
perform "smog" exposuresabeéause_it is rarely:possib1e to
SeleCt‘the degree to which'eagh éomﬁonenf_of the atmosphere
‘contributes to observed effécts,_Atmdspheres éertainly vary
from one location to another; in chronic studies the con-. -
‘étituents;may vary considerably?fféﬁ:time to time in the
same-locationo..Therefore, Caséretf’(l97l) suggests that a
’degree of realism may fruitfully be,abandoned for controlled

.studies'of mixtures of compounds approximating real



Table 2.

U. S. national

ambient air quality standards.

a

Pollutant

Primary Standards

Secondary Standards

Sulfur Oxides
(Sulfur Dioxide)

Particulate Matter

(a)

(b)

(b)

80 micro g/m3 (0.03 ppm)
annual arithmetic mean

365 micro g/m> (0.14 ppm)
maximum 24-hour concen-
tration not to be exceeded
more. than once a year

75 micro.g/'m3 annual geo-
metric mean

260 micro g/m3‘maximum
concentration not to be
exceeded more than once
a year '

60 micro g/m3 (0.02 ppm)
annual arithmetic mean

260 micro g/m3'(0.1 Ppm)
maximum 24-hour concen-
tration not to be exceeded
more than once a year

60 micr¢ g/m3 (0.02 ppm)

annual geometric mean

150 micro g/m3 maximum
concentration not to be
exceeded more than once
a year

aS:‘ource (Clean Air Act, 1971).

Note: Congress in process of preparing revision.

6¢€
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atmospheres and a comparison with effects noted from expo-
sure to the individual components.:

'Gases and vapors are distributed along the respira-
tory tract'invprOPOrtion to their solubility in the
respiratory tract fluids lining the airspac¢5'(Green,'1974),
Soluble gases, such as S0,, téﬁd to be totally absorbed in
nasal passages, while insoluble gases, such as ozone and
nitrogen dioxide,>penetrate along with the,respiratofy gases
to the respiratory bronchioles and alveoli. This simplistic
concept is complicated by the interaction of soluble gases
with accompanying particulates, present as both solid éar-
ticles and liguid droplets, and again by-chemical.inﬁefac~
tioniof component gaseous materials. The pioneer work of
Amdur‘and-aSSociéteS"with aerosols and 802 ié of paramount
Aimportance‘becausé particulate matérial is always present in
- the atmosphere and ité role in the effects of?air pollution
is therefore accountable in inhalation toxicology studies‘if
the stﬁdies are to be interpreted in relation-tb the real :
environmental~circumstances (Amdur;.1957; Amdur-and Clayﬁdn,
1969; Amdur and Corn, 1963; Amdur and Underhill, 1968).

As discussed previously, matters arefcomplicated
- eﬁén'further by air pollution components, such as SOZ’ which
undergo transformation in the environment, including oxida- |
tion to sulfates, liquefaction to micronic particulates,

solubilization in water and ‘other wvapors, and adsorption on
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solid particles. According to Green (1974) such transforma-
tion processes greatly alter the characteristics of the air-
borne exposure and the ability of a soluble,gas, such as
-sulfur dioxide, to penetrate to the depths of the lung as a
sulfate particulate or as a,solubiliZed gas dr as a vapor
.absorbed on a particle.

The fate and effects of sulfur dioxide have been
studied to é‘greater extent than those of any Qf the - other
"pollutant gases. SO? réaching the lungs diffuses rapidly to
the bronchial walls and its concentration rapidly diminishes
with depth (Lippmann and_Altshuler, 1975). 80, can be de-
livered to the bronchioles and alveoli when adsgrbed on inert
particles which are small enough to' reach and,deposit'in
these airways (Amdur and Underhill, 1968). "Among the par-
ticles to be found in the atmosphere, carbon is most common,
éﬁd'plentiful, but metallic substances presenﬁing in smaller
concentrations are of overriding significance"‘ (Casarett,
1972, p. 13). Aerosols of soluble metallic salts known to
catalize oxidation of sulfur dioxide; such as ifoﬁ, manganese;
vanadium, ahd presumably other transition metals, to sulfuric
acid, which would become liquid-dr¢plets Whenlentering the
-moist»respiratory‘tract,lhave producéd‘major.boténtiétion7of
the response to sulfui'dioxide, whereas iﬁso1u5le oxides of

these same metals were inactive in potentiating the irritant

effect (Amdur and Underhill, 1968). .
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Many of these metals, such as lead, titanium,»cadmium, alumi-
num, selenium, arsenic, zinc, nickel_and chrdmium, are found
concentrated 100- to 1000-fold in submicron-sized particles
of fly ash (Davison, Natusch and Wallace, 1974). These
inert particles may serve as nuclei for sulfate particulates
or may be inhaled simultaneously with.sulfate aerosols _7
(Charles et al., 1977). : .

Toxicologic studies, single, short-term and repeated,
long-term inhalation exﬁosUre of animals to single and bi—
nary combinatiohs of sulfur dioxide with pafticulates and
several sulféte‘compounds demonstrated'that sulfur dioxide
alone and at ambient levels, was only a mild respiratory.
irritant (Alarie et al., 1970; Alarie et al., 1973; Amdur
~.and Clayton( 1969; Amdur and Underhill, 1968; Speizer, 1969),
whereas sulfate and sulfuric acid aerpsols are more potent

irritanﬁs.(Amdur, 1971; Amdur and Clayton, 1969}L

| The combination of sulfur dioxide with bther aero-
sols has been proved injurious to the lung, causing chahges
in upper respiratory flowsresistance,‘decline in-véntilatbry
cépacity; increased respiratory rate and lowered arterial
oxygen tension (Alarie et al., 1970);.The concentrations of
sulfur dioxide alone required'to afféct'flow reéistanceAin

. human subjects are at least several'times higher than those
founé—in.the atmosphere (Amdur and Undefhill,.1968; Andersen

et al., 1977; Frank et al},'l9627 Speizer and Frank, 1966).
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Increesed pulmonary flow resistance reflects the broncho—r |
constrictive effects of the pollutant. |

The irritant properties of sulfuric acid:and the .
eulfate particulates relate to particle size, duration of
exposure, total,doee, relative humidity, and temperature
(Amdur and Clayton, 1969; Amdur aﬁd Corn, l963;'Mchlton'and
- Frank, 1973; Pattle, Burgess and Cullumbine, 1956) . Further-
more, it has been shown that sulfuric acid'aereSOI produces
significantly;greater lung injury andVdecrements in respira-
tory function than any combination of~eulfur.dioxide_and-r
other contaminants, e.g., fly ash eﬁitted simulteneously
from-bower plant:flues (Alarie et al, 1973; Amdur, Schultz
~and Drinker, 1952; Pattle, Burgess and»éollumbine{'1956), |

Although sﬁlfiteliOn and sulfurogsbacid have previ-
ously been discussed and dismissed as no more Ehan intermedi~
ates in the oxidation of sulfur dioxide £§ sulfateror
sulfuric ‘acid, Hansen et al. (1974) believe that‘Fe(III)w

'_SO= and Cq(II)*SO;rcomplexes may play an important role in

3 '3
respiratory health problems. Hansenzet-ale,fpestulate that
formation of these complexee by Fe (III), Cu(II),vand pre-
‘sumably other transition metals, mayraccount forisynergistic
effects of sulfur d10x1de and aerosols° |
Amdur, in a careful rev1ew of all llterature avallw

able up to 1969, states: "If sulfur dioxide present as an-

~air pollutant remalned unaltered until removed by dilution,
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there would be no evidence in the toxicological litérature
suggesting that it would be likely to have any effects on
man at prevailing levels (Amdur and Claytoh, 1969, p. 638)."
Unfortunately, sulfur dioxide emerges from sources jointly
with particulates, other noxious gases, and moisi:ure‘° Thus,
. in establishing air guality standards, it is insufficient
~and improper-to regard the reported effects of sulfur di-
oxide gas alone as the sole criterion upon which to base
‘air quality standardé. For protection of the public health,
the standards must be sét with due consideration to ﬁhe po-
tential of sulfur dioxide under certain étmospheric condi-
tions to form these more irritant particulate materials
(sulfuric acid and partiéulate suifates)° The imﬁértance
of this cannot be emphasized too much, aé the following dis¥
cussion. of réspirétory-disease"rélafed tOISulfate polluti6n»
illustrates. .

Sulfate Pollution in Relation
o to Pulmonary Disease =

Airborne pollutants are potentially'respohsible for
. more of our ilis-than are water- and fooa?borne;tOQether,
As a rule, pollutants'express their effects seldom_Singiy
but through interaction with other pollutants or With some k
:precoﬁditioning'factor(S);Withiﬁ'thé host (Stbkinger,~l969);
‘ TableA3 is a partial list of precondifiqns which, aécofding

to a U. S. National Academy of Sciences study (Carnow and
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Table 3. Populations-at high risk due to S0, and particu-
late because of pulmonary deficiencies.@

Geneticélly-Deficient
Asthma
Cystic fibrosis
Cystic disease df‘lung
Chronic-Disease
Chronic bronchitis
Emphysema
AKyphoscolipsis
Advanced tuberculosis
BrOnchiéctasis
Other Environmental Factors
Cigarette smoking
Workers exposed tb dusts, fumes,'etco
Otheﬁs » | |
| Prematures:
Newborns

The obese

fsource (Carnow and Meier, 1973)»’
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Meier, 1973), are to be considered especially vulnerable to
the effects of sulfur dioxide.

A major contribution of the effects of sulfates and
gzone is seen as a break in the,body.défenSes, producing
acute disease in concert with‘infectious'agents, viruses
and bacteria (Anderson et al., 1977; Coffin and Gardner,
1972). Also, chronic effects on the airways, producing per-
haps defensive responses to the sulfate compounds, results
in irritation of the mucous‘membranes-leading to narrowing
of the lumen of the bronchi due*to edéma, mﬁcOus secretions
and'impairment of the function of'the'ciliary apparatus
(Alarie et al., 1973; Hirsch, Swenson and Wanner, 1975;
l'Woiff et al., 1975). |

‘Whether the reactions are classified as acute or
chronic,ithere is general agreeméhﬁ that there is a relation
‘between air pollutants and.chrOnié'brohchitis, atmospheric
"aéthma, lung cancer, pulmonary edema;fénd-increases in re-
g:spiratory”infections (Kilburn, 1975; Meyer, 1977). These
f:aaVSrSe health effects should be attributed to suspended
sulfate levels rather than observed conCentratiohs of sﬁ;fur
dioxidé and suspended particulaﬁesfbecause of the‘consistency
of the relationship between symptoms aggravation and sulfate
»’lévels, and the lack of-consistency of'thié relation with

other pollﬁtants (Environmental Protection Agency, 1974).
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The findings in French and associates' studies
(1973) clearly demonstrate that-ambient air,pollution con—
tributes to increaséd frequency. and severity'of acute res-
piratory disease in human populationé. Sulfur dioxide and
suspended_sulfate air pollution was liﬁked to exceés mor-
bidity for the acute respiratory disease group as a whole
and for both upper and lower respiratbry tract infections.
The observation that excessive acuteirespi:atory diéease
was largely restricted to those individuals who were ex-
- posed to heavy pollutibn for a minimum of three Yearé may
indicate that an acute effect may be a manifestation of
chronically impaired resistance to diseaSe. Other research-
- ers confirm that increased atmospheric concentrations of
sulfur dioxide and suspended sulfates are clearly associ-
ated with an excess frequency of respiratory illnesses in
- children (Chapman et al., 1974; Hammersmith et al., 1974;
Shy, 1974). Although other factors such as socioeconomic
staﬁus and cigarette smoking contribute to excessive, acute
respiratory disease, the effect of pollution Was found to be
independent of these variables (Freﬁchbet_al., 1973);

‘Thus,rthe weight of evidence is in favor of a corre-
lation between sulfate and sulfur dioxide pollution and
severai forms of respiratory disease: -chronic'reépiratéry
disease, aggravated lung disease,»ésthma>attécks;'and chil-

dren's lower respiratory disease.
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Asthma

Asthma, defined as infermittent, reversible airways
-obstruction, is a syndrome that_represents,_at a clinical
- level, é response of the airways to»noninfectious immuno-
genic particulates,*infectious:égents with immunogenic po-
“tential and organic and inorganic'irritantvqases and
particles (Greeh, 1974). A number of experimental studies
with ahimals and humans hé&e indicated that inhalation of
sulfur dioxide, sulfates, sulfuric acid,rparticulates, and -
" nitrates is capable of initiating the bronchoconstriction
characteristic of asthma (Amdur and Clayton, 1969; Cohen et
al., 1972; Frank, 1964; Jeffrey, Widdicombe and Reid, 1975;
Pattle, Burgess and Cullumbine, 1956; Yoshida et al., 1974).

And, while many people can adjust and can continu-
ously work with 5-10 ppm sulfur dioxide in thé air, most
people react to that'concéntfation and severe bronchospasm.
may be the result in sensitive individuals, éspécially-thOse_
- with latent diS?osition«to asthma and similar bronchiaiﬂéom—
plaints (Amdur and Clayton, 1969; Meyer, 1977); however, no -
information on the duration 6f eiposure-was given in either
report, Thus, sulfur didxide mpét be classified as a-pri—»
mary irritant. Customarily, pulmonary irritants are sepa-
- rated into primary and secondary irritants. Primary
irritants are those which are sufficiently reactive with

tissue to produce pulmonafy-effects so marked that the
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systemic actions are obscured or much less important. Sec-
ondary irritants are those whose action on tissues of the
respiratory tract are less prornounced than the systemic ef-
fects.resuiting%irom the same toxicant (e.g., volatile
chlorinated hydrocarbons affect ‘the iiver‘and central ner-
vous system). |

In contrast to the acceptedlrelation between sulfate
pollutants ‘and asthma, Ramsey (1976) coneluded that a reduc-
tion in ambient temperature and barometric pressure appearsv
to be more instrumental in promoting tendencies to asthmatic
dyspnea than do ambient exposures to air pollutants.. How-
ever, sulfates interact to contribute to the detrimental ef-
fects.of low temperature on asthmatics. In his analysis,
‘Ramsey made no attempt to determiné if exposure, especially
to the lower respiratory tract, waé increaéing with decreas=.
ing temperature. In. order to reduce the morbidity’of asthma
therefore, significant changes‘in air pollution will be re-

guired.

Bronqhiﬁis.

Bronchitis .is a lodalized condition with a high rel-
ative incidence due to acid Qases, particulates, respiratory
infection, and inclement climate (French et al., 1973; Stokf
“inger, 1969). Sulfur dioxide.not onlybcontributes-to bfonm
chitis directly by increasing the numbers of mucous

secreting cells after extended exposures (Knauss et al.,
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1976), but also indirectly through contributing to childhood
respiratory illnesses which predispose children to develoé
chronic bronchitis in later life (French et al., 1973). A
generally deleterious effect of sulfur dioxidé upon élimina—
tion of dust from the lungs may also contribute to the gene-

sis of bronchitis (Einbrodt, 1975).

Emphysema
Emphysema is a géneral cohdition with a medium-reiém

tiveAiﬁcidence due to airborne reépiratory irritants and
familial tendency. Always elusive and consequently over-
lookod because o0f its complexity, heredity, in altering sus-
ceptibility, looms as a governing»féctor in diseases

Ainfluenced by eﬁvironmental polluténté (Stokihgef, 1969) .
' :This is so because environmenta; pollutants exist in such
extremely low concentrations, the hereditarily'hyperouscep—

’tiblé are the most prone to react. At -least as far as the

bfamilial form of pulmonary eﬁphysema is concerned, the ten-

‘ dency to acquire it has been'traced.to_a'genetic deféot'
expressing itself as a serum antltrYPSLn def1c1ency, This
>def101ency is express1b1e at an early age - (27 to 35 years)
in the homozygous without stimuli from envlronmental pollu—

l'tantsa However, it becomes manifest in the heterozygousro

'~ upon exposure to respiratory i:ritants (Stokinger, 1969). In
addition to this, Stokinger (1969) reports that special units

for the management of emphysema were doubled in 1967 in the
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52 Veterans Administration hospitals in the United States as
a reflection of the rate at which the disease is increasing.
Of course, not all of this increase is due to pollution,
-much of it is caused by smoking. ;Emphysemaiwiil be dis-
cussed further in Chapter 3 under macrophéges in relation

to pulmonary disease.

- Lung Cancer

When considering pollution-related development of
the more serious chronic diseases( cancer appears to be the
most important. Epidemiologidal evidence, although well
documented with regard to cigarette smokiné, is largely
_ lackingfin relation to air pollution, this deSpite;ah_in—
creasing‘mortélity due to lung'cancer (Laékinret.al.;,_1975)‘°

'The indﬁction of lung céncer in anima1s has been
demonstrated using sulfur dioxide  in éembination with bengzo-
[a] pyrene, a known inhalation carcinogen (Laskin et al.,
1975). However,’sulfur oxides are not, in themselves, ’
thought to be carcinégenic (Gardner, 1966; Natusch, 1978)
and there is some'dispute over,the.éarginogenicity of beﬁzo=<,A
'ﬁa]pyrene in.the urban-atmosphere»(Shy,‘1974).

| Sulfur oxides are, however;.quiﬁé-reactive énd are
known to react with, for example, éolyéyélic éromaticlspe—'
ciés and to prbmbte lung damage when aSsociated With air-
borne pafticleS‘derived from high temperature combustion or

Smelting.dperations; €.9., automobile exhaust and blast
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furnace dusts (Natusch, 1978). Probably most important is
the fact that sulfur oxides are emitted in high concentra-
tions with, and react with several known andVSuspected car—r
cinogenic transition metals thatAarerhighly-conceﬁtrated in
respirable fly ash particulate from fossil—fueled power
plants (Natusch, 1978). Table 4 compares concentrationg of
thése metals and sulfur oxides in urban and rural atmo-

spheres.

Conclusion

Many of ihe conditioné attributed to exposure to en-
vironmental pollutants are either accelerations of the aging
process or are associated withbagingarohis‘ié‘particularlyb
true of the air pollutants; ozone ana,phdtOdhemiéal’oxidants
merely add“to and hasten the oxidative destruction of the
lung (Stokinger, l969);>respiratory irritants hasten the on-
set of emphysema, bronchitis, and appear to promote cancer
of‘the respiratory tract, all diseases of aging man (Meyer, .
1977)a, Thaﬁ these problems are common . to man, especially
‘aging man, is undoubted; however, the questién arises aé to
‘whether‘theSe’iespira£Ory ailmentsqwould‘eXist.at the same
high levels free of the compliéating;fa¢tcrs‘introduced by
.respiratory‘irritants. o | | |

| At present, without an‘improved pefspective, only .
the crudest estimate of the total over-all effect is pos-

sible. . Morbidity data are lacking, andfmortality and
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Table 4. Concentrations of known and suspected inorganic
cases and particulate carcinogens in urban and
rural atmospheres.&

,'Ufbaanir

, Range Average Rural Air
Substance _ Status ng/m3 ~ ng/m3 = Rangeb
cd Recognized 4-250 - 10 —_
Co © Suspected 0.5-15 2 < 0.5-2
Cr Recognized 5-120 15 < 1-10
- Cu ‘Suspected - 10-4000 - .80 1-280
Fe Suspected 1000-2000 1400 10-1000
Ni - Recognized 10-1000 100 < 10
Pp° Suspected 500-3000 1500 '10-100
SOXd Reactant® _ '20-1200 , 70 0.1-5
504~ Suspected ~ 1000-100,000 5000 -
£

vt Suspected  50-2000/1-100  500/10 < 1=50

-aSource'(Natusch,'l.978)°

bMost v&lues represent 24-hr. averages established over
" periods ranging from several days to one or more years.

CValues listed for lead refer to concentrations in countries
utilizing lead alkyl gasoline additives. Sighificantly
lower values are encountered in countrles which do not
utilize leaded gasoline. -

dThe only inorganic case (gas) listed, measured in}l_g/mB°

eNatusch (1978) defines reactant as those substances con-
sidered likely to be involved in chemical reactions which
may result in the production or removal of carcinogenic
spec1es or whlch may 1nteract synerglstlcally with known
car01nogens.

The two setS'of.Values refer, respectively, to urban areas

- where considerable use is made of fuel oil for power genera-
" tion and domestic heating, and to urban areas where oil

" burning is minimal. ' :
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longevity data relate to all causes, not to just pollutant
effects. We have thus, only the few follewing signposts
(Stokinger, 1969). There is no'evidence of. any marked in-
crease in recent years in longevity in the United States,

‘particularly for males (who have the‘greatest-exPosure to
pollutants) altheughlmore people are livinglto riper years.

- "Those people withlthe greatest longevity are.not'urban
dwellers, who-conetitute more than 60% of'ﬁhe-American popu-
‘lation (Stokinger, 1969); How much pollution contributes

to this ceiling'on longevity for city dWellexs.and how much
nervous tension, relative lack of exercise and city habits
of excessive smoking, dr}nking and eating contribute cannot
‘obviously be disaseociated at this time.

Because long term animaliand human eépOSureS’by
pollufants are genefally necessary to produce clinical 1un§ "
'disease,'the needrfor ggglzvdetectiOn of lung respense is
enhanced. If the lung macrophage system responds early in
the exposure, as postulated by Clayton, Fernando, and Behnke
(1976), then thefbiOChemical activity related to macrophage
'functlon should be indicative of potentlal lung disease.

This p0551b111ty w1ll be. explored further in Chapter 3.



CHAPTER 3
LUNG MACROPHAGES

"With an alveolar surfaée-éf 1 m3/kg body weight,
the lung has the largest surface of the body exposed to the
environment (Witschi, 1976, p.267)." And, due to the air-
borne nature of sulfate compounds, the primary route of
exposure of such compounds is by thié large fespiratory
surface area.

Lung macrophages occupy a pivotal position in main-
tenance of alveolar function, The macrophages are free cells
located on the surface of the pulmonéry alveqli. The re-
-sponse of alveolar cells to inha;ed‘aerosolsAis central to
an app&aisai of at least two major-processes (Casarett, 1971{

1) Alveoiar changes in cellularity and function are
‘intimately associated with the processes and mechanisms of
clearance of particles from the}lungs.

2) Early changes in:alveola:;cells may be consideredAas
initial events related to the etiélogy of ultimate pulmonary
effects (e,g;,-overt pathologié'stat;es)° | |

Lung maérophages are involved in both of the above
piocesses to a great extent; just how great an extent has

not yet been fully explqred; - Their principle activity is

55
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alveolar clearance to maintain a sterile surface for gas
exchange. .If the deposition of particles in the alveolar
zone overwhelms the~macr0phéges, toxic materials may persist
for long periods due to various mechanisms; e.g., physical,
or chemicalAbinding (Rilburn, 1975). |

Many éspects.of particle-cell interaction, espe-
cially in relation to.alveolar injury, are most profitably
and convenientiy approached through use of an ig vitro sys-
tem as will be discussed later in this chapter. Lung macro-
phages are reéommended for use in such systems owing to the
ease with whigh they may be obtained aﬁd-cultured, and be-
cause they are more germane to reséarch on pulmonary injury
than the freqﬁently used peritoneal madrophages (Dannénbefé

and Burstone et .al., 1963).

Origin and Morphology

The érigin of lung macrophages is still being de=-
bated. - Some authors (Casarett, 1972; Green, 1974; Moore
and Schoenberg,71964) still favor a mixed~origin; from both
the bone‘marrOW promonocyte via circulating monocytes and
ylécally derived from lung eﬁitheliumu' Evidence fof the
latter souréé.is mainly theoretical,  Whereas the generally
accepted bone mérrow hypothesis is ptoven by se&eral studies
using chromosome markers (Brunstetter et al., 1971;
Virolainen, 1968) and differential irradiation of bone

marrow and lungs and tritiated thymidine labelling (Velo

\
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and Spector, 1973) demonstrate that lung macrophages are all
deriVed from hematopoietic tissues.

Bone marrow prOmonocyteS rapidly'replicate ahd_give
rise to monocytes, which are released a short time later
into'the peripheral blood stream to travel to the pulmonafy
‘interstitial tissue where they mature in 2 or 3 periods of
mitosis (approximately 3'days) into a much larger cell, the
lung macrophage, with a relatively long lifespan of more
than 60 days (Allison, 1975; Bowden, 1973; Cohn, 1972; Velo
and Spector, 1973). Figure 5 ouﬁlines the lung macrophage
compartments. Whether the macrophage divides in the lung
once it has differentiated is as yet undetermined. It is
agreed that the lung'macrophage is the final cell stage,
"the ultimate scavenger of the respiratory system,"” and:ié‘
- destroyed and cleared from the body‘at the ehd cf'its useful
lifespan; | |

During the maturation process the lung macrophage
vdevelops a more complicated ultrastructure. On stained
smears mature lung-macrophages are large, irregularly-shaped
-cells, about 15-36.pm,in size. The larger cells have an
indented nucleus and the smaller have a round'nucleus with
a few indistinct nucleoli (Bowden, 1973; Virolainén, 1968) .
Initially the cells are rounded or have few pseudopods, but,
due to their long lifespans, the majority of macrophages

present are mature with pronounced membrane ruffling along



LUNG MACROPHAGE COMPARTMENTS

BONE LUNG
ALVEOLI
MARROW BLOOD INTERSTITIUM
STEM CELL TRANSPORT DIVISION-MAT URATION FUNCTION
Figure 5. The pulmonary interstitial cells provide an essential 1link between

the circulating monocytes and the alveolar macrophages.a

Source (Bowden et al., 1969)
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the cell margin and/or slender cytoplasmic projections which
aid in phagocytosis (Fedorko and Hirsch, 1970; Virolainen,
1968). In fact, some investigators haVe.obsérved the
presence of pulmonary surfactan% in lung macrophages.l I£ is
thought to be there because of an excess or due to loss of
surfactant activity (Zeligs et al., 1977). Lung macrophages
are facultative aerobes with a constant oxygen uptake under
aerobic conditions and increased levels of glycolysis under
anaerobic conditions (Harris and Barclay, 1955).

Lung macrophage function, in general, is consideredv
to be the intracellular breakdown and'disposal of particu-
late elements. In this regard, they have been_shown to'conn
tain a wide variety of hydrolytic enéymes which are normally
contained within numerous cytoplasmic granules or lysosomes.
.The major acid hydrolases, Whichzhave been isolated from
rabbit lung macrophages, are lysozyme, acid phosphatase and,
to a lesser degree, B—Qlucuroﬁidase; Cathepsin, lipases
and esterase are also present, but no importance has as vet
been attached to them (Cohn and Wiener,‘l963a and 1963b;
Gordon and Cohn, l973;vHeise, Myrvik and Leake, 1965; Myrvik,
Leake and Fariss, l961b), A dése4related increase for both
lysosomal and non-lysosomal enzymes, with secretion, has
been shown by several investigators upon in vivo or in XiEﬁE
stimulation (Davies,; Page and Allison, *1974; Gordon and Cohn,

1973; Heise, Myrvik and Leake, 1965). One of the most
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important non-lysosomal enzymes is elastase because of its
role in the etiology of emphysema (Ackerman and Beebe, 1974).

| Lung macrophages are coﬁtinually mobilized into the
alVeoli in response to inhalation of dust, bacteria; partic-
ulates, irritants, and‘éossibly'to extravaéaﬁion of the
occasional erythrocyte. These cells move slowly across the
alveolar_surfaCe due to a large pseudopodial surface area
CIOSély applied to the epithelial surface of the alveolus.
Therefore,'they are not guite "free" cells, although they
are ‘easily removed from thellung by lavage (Bréin_and Frank,
1968; Myrvik, Leake and Fariss, 196la) and possess a large
migration capacity, In addition, -lung macrophages form mono-
'layers on glass due to their strong binding capability for
giass,(Bowdén, 1973; Cohn and Bernson, 1965a). For'young
'macrophages, which aré hard to\sepafate morphologically from
lympﬁocytes when lavaged, monolayer formation is one of the
best means of identification. |
VThe lung macrophage possesses a different set of
attributes compared to macrophages from other sources. For
example, the ultrastructure of the.mature lung macrophage
- reveals more lysosomes and less endoplasmic reticulum and
golgi apparatus than peritoneal macrophages. This reflects
the different bias in activity of these two related cells.
| As shown in the rabbit, lung macrophages exhibit a

moderate degree of functional heterogeneity due to:
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1) Phase of cellular activity (Bowden, 1973).

2) State of maturation. Both young énd old cells will
be present, but response will be determined by older cells
because of the long lifetime of the lung macrophage.

3) State of health, including past disease states,
nutrition and curfent health. |

4)1_PreVious_histOry, including pollutaht equsure; both
;gaseous énd.particulate (Knauss et al., 1976; Murphey et al.,
1975) .

'In its activity.as-a part of the-reticuloendothelial
system, the lung macrophage pérforms many functions:

1) Phagocytosis of exogenous particulate.

2) Phagocytosis of degenerative cell products.

3f Synthesis and secretion qf enzymes.

4) Immune response. |

5) Pinocytosis.

- Some of these activities will be examined in more detail in

the following discussion.

Endocytosis

Lung macrophages represent-the most critical cells
goverhing the pulmonary response to’la;ge numbers of noxious
. environmental inhalants. The response of.thése cells depends
on their primary function as ?hagocytes; whichlhas long‘beéh
recbgnized as depending on macrophage motility and abiiity-

to ingest particles and fluid. ' However, only during the
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past few years has information been obtained about the under-
lying mechanisms.

- Generally the endocytic response involves both the
number and the distribution of macrophages, as well as the
interaction between,particles and cells and concomitant bio-
chemical changes. These changes inclﬁde increaSed oxygen
consumption; glucose conversioh to carbon'dioxide, increased-
lactic aeid production, increased phosphatase activity and
hydrogen peroxide formation (Dannenberg, Walter and Kapral,
1963; Gabor, Anca and Zugravu, 1975; Rabinovitch, 1968).
:Phagocytosis and pinocytosis are variant forms of endocytosis
apparently identical in all processes subsequent to the
state of membrane interiorization. Endocytic activities 6f
- the lung mécrophage, described below,; are presented in

Figure 6.

_PinOcytosis

| There aré two types Qf pinocytic activity that are
seen in macrophages. One that is most evident; and is
called macropinocytosis, is a type of pinoecytic activity
that isvseeh most easily in the ruffledrpseudoﬁods.of the
cell; it occurs when ruffled meinbrane comes‘in apposition
and fuses to form a vacuole.  Another type is micropinocytof
 sis, orAApi'}”t:*formation° The determinants of micropinOcytosié
are uncleaf; The "macro" form is the most promiﬁent in

macrophages -and results in vesicles which may reach 0.8
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Figure 6. Endocytic activities of lung macrophages. A schematic representation
of the uptake of both soluble and particulate substances by macro-
phages .a

aSource (Cohn, 1972).
Note: FAB and FC represent the antigen binding and FC receptor-
binding, respectively, ends of an IgG antibody.
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~microns in diameter (Cohn, 1972). The uptake of soluble
molecules depends upon a number of factors° Solutes which
bind to £he plasma membrane are taken up at rates which may
- be 1000 £imes'greater than unbound molecules. Inadquately |
bound material is taken up at a raté proportional to its
extra-cellular concentration. The presence of a'specific Fc
(fragment-crystallizable) receptor which binds IgG antibody
at its Fc'end aids pinocyﬁoéis. The other end of the IgG
antibody is the Fab (antigen-binding) which binds to bio-

- logic materials and solid particles coated with denaturéd
_protein. Nonrspecific,‘functional receptors aléo aré-impor~
tant in binding materials for uptake. The nature and topog¥
raphy of phagocytic receptors is poorly understood, and the,
term'receﬁtor,is used in an operational sense. .

Pinocytic ac¢tivity occurs very éctively in areas Qf
inflammation, but nothing else is known about what stimu?
lates piﬁodytic.activity ig vivo (Cohn, 1972). In Ziggg it
is known that there is a high;energy-reqﬁirementidue to the
constantly undulating membrane;,thuS'énéerobiosis inhibits 
the necéssary'glycolytic:and?respiratory pathways, resulting
in reduced pinocytosis. Lcwftempefature also preVents-en-.
gulfment (Cohn, 1966) and serum proteins are required. De-
rtermination’of the number: of vesicles presenf in the cytdplasm
is most cénveniently made by phase contrast microscopy of :

glutaraldehydé—fixed cells (Cohn,'1966)n  This permits only
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larger vacuoles to be observed. Electron microscopy is
~required to Observe'the entire size spectrum of vacuoles
formed in mi.cropincy-tosis° o

Studies by Axline and Cohn (1970) have shown that
- pinocytic vesicles are conVerted’into'secondary lysosomes
in the centrosphere region of the cytoplasm by fusion with
golgi vesicles and/or pre-existing secondary lysosomes. In
addition, Axline‘and Cohn demonstrated that the fusion of
"~ the secondary lysosome and endocyﬁic vacuole is not the
stimulus for lysosomal enzyme induction, but did not rule
out the péssibility that fusién of the primary lysosome and
endocytic vacuole_ﬁay éct‘as the control site. Thus, envi=-
ronméntalAmaterials such aé metal sulfates (soluble particu—_
- lates), sﬁlfur.dioxide (soluble gaéeé),'and sulfuric acid
mist (fluid aerosolsj may inqréase the raﬁe of;piﬁocytic
activity resulting in both increased numbers of lysosomes
and increased levels of lysosomai enzyme.' The accumulatioh
‘of acid hydrolases in dense granules or digestiVewbodies dﬁr—
ing the course of endocytosis is a reversible'prccess. The.
vméchaﬁism for the reduction of intracellhlar enzymes is no£
yﬁhOUght'to depend upon the extrusion of enzyme into its .
environment, becauée Cohn (1972) could nbt find enough enzyme
in the contfol'medium‘to'accéﬁnt‘for tﬁesé;changes;»?The'mQSt;
reééonable»éxplanatidn to date is that lyvsosomal enzymes are

themselves degraded within the-confines of the digestive
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vacuole. - However, this may just'be one phase of activity in
a véry complex system, because Davies( PagéAand.Allison
(1974) recorded definite extracellular increases in acid
hydrolases within 12 hours of in XiEEQ exposure to strepto-

coccal.group A cell wall substance (PPG).

Phagocytosis

Phagocytosis begins with chance contact between ‘the
inhaled particle (biologic or non-biologic) and the cell
surface. Adherence of the particle to the ceil-membrane is'
the first step in the process, and this is enhanced by spc~
cific membréne binding sites and/or antibodies 6r opsonins
coating the particle (Al—Ibréhim et al., 1976; Ccohn, 1972;
Green, 1974). After adherence, the‘particle'is‘envelopedrby
cell membrane, in part by the contractile action o£ cyto-
plaémic myofibrils (Aﬁline-and Reavén,'l974)a ‘The phago-
cytic procesé at thelcelilsurface is accompanied by bulk ;
interiorization of large segments of the plasma membrane, a
 process that is‘dépendent-upon continuing membrane‘synthesis
(Cohn, 1975)° This continuing‘replacemént of the plasma'
membrane is closely associated with productionvéf digestive
hydrolases by the cell (Cohn and Wiener, l963b)g:

‘Once particles are ingested, the externél membfane -
becomes séaled off within the cell as a phagosome. One or‘
more lysosomes rapidly'move into céntact with the phagocytic

vacuole and embty their acid hydrolase enzymes into the
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phago~lysome. This allqws for delivery of highly active
enzymes to the ingested substance without=subjecting the
cell's cytoplasm to potentially injurious effects (Goldstein
et al., 1976). The lung macrophage is_particularly rich in
the quantity and variety of proteolytic enzymes, as de- ‘
scribed previdusly, that are sequestered in the lysosomal
-membrane bound.packets. In addition to the digestive capa-
bilities of the lysosomal enzymeé, potent bactericidal
activity may be exerted through the presernice of abundant
hydrOgén peroxidase (Green, 1974). Though active in poly-
morphonuclear leukocytes, the role of the hydrogen peroxide
system in the lung macroéhage is uncertain (Gee, l97Q).

The‘differeﬁce.in reéponée of lUngvmacroéhages £o:
particulate materials may be due to a number of factors:

1) Difference in sign or magnitude of chargeron the
surface of particles. If a similarly charged partiéulate is
presented to the macrophage, binding may be inhibited by

' charge repulsidn.‘ \ | |

2) Size and shape of the particulate ié a mechanical

'determinént of the ease of engulfment. The size of the
macrophage itself dictatés:an.upper limit té the éize of the
particulate that it can engulf withoUt new membrane synthesis.
In the case wheie engulfment can»start buﬁVﬁot be cémpietéd,: :
premature fusion with.lysosomes.Caﬁ occur,,fesulﬁing in the -

extracellular release of enzymes to be discussed later. -
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3) Particle:cell ratio. Hahn et al. (1974) demon-
strated a linear increase in measured phagocytosis over a
particle:cell ratio up to about 10 followed by a diminution
of effect of particle concentration. This suggests that,
within the period of functional integrity of the_lung macro-
phages, there is a limit of simultaneous'adsorétion of par-
ticles or a~méximal rate Qf particle entry into the cell or
both. |

4) It should be emphasized that particles can interact
with and be coated by small or large components of the
medium, contributing greatly to the complexity of the al-
reédy complex phagocytic response.

'Processes which compete, pérticularly at high partic-
ulate loading, for the phagocytic capacity of the lung macro-’
phage include: '

1) Phagocytosis of worn out or malignant body éellsw

2) Clearance of wvirus and bacteria organisms from in-
fective sites, | |

3) Processing of antigenic materials as a prelude to;
immune responses,
- 4)' Phagocytosis of competing non-antigenic foreign
materials.

5)  Transport of:particles ffom the‘alve‘olus°

Phégocytosis is effectively blocked by inhibitors

which inhibit glycolysis. Phagocytosis is not affected by
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those agents known to decrease respiratory energy or oxida-
tive phosphorylation, . Anaerobic environmenf, cyanide, and
Antimycin A have very little effect.ih reducing the phagocy-
~ tosis of partiqles in the mouse macrophage, whereas they are
effective inhibitors of.pinocytic~ﬂptake in the same cell

(Cohn, 1966). The mechanism of this difference in suscepti-
‘bility to inhibitors is not ¢lear. However, intense membrané
activity is occurring at the sitekqf pinocytoéis° «Phagocyto—‘
sis is not dependent upon the same type of movement and
occurs guite readily after the attachment of the particle to
the membrane, which triggers the interiorization process.
Inhibitors of respiration and oxidative'phosphorylation afe'

very effective in stopping membrane movement.

" Clearance

It is generally agreed that iung clearance of par-
ticles isAa very complex process,-involvingvdifferent mecha-
- misms whereby the,alveolar.walls_are kept clear of different
inhaled:or;endogenous subétances Which otherwise could inter-
fere with gas exchange. With rare exception, the inhalation
:of insolublefparticulaté material is followed by a;measurablé
Clearance WhiCh.fOllOﬁs one Or more exponential patternsa KA
.'generalized "classic" clearance curve is represented in ,»A
rFigﬁre 7, ‘in which four.phases arefdepicted.r"

Disregarding material deposited in the nose and

'pharynx, phase I is generally assumed to be clearance of
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Figure 7. Stylized model of rates of clearance of inhaled a
particulate material from the respiratory tract.

aSource (Casarett, 1972).
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material from the upper pért of the tracheobronchial tree
(Fe:in, 1975). The rate of clearance of this phase, ex-
pressed as a "half-time," is remarkably constant atﬁabout
12-24 hours.

With a high frequency of sampling during the initial
périod after inhalation, it is highly likelf that three
separate rates might be diétinguishable (Casarett,71972)s
One of these is related to a very rapid clearance of the
nasopharyngeal region (minutes) and another to the'cléarance
of material deposited in the trachea and bronchi and several
generations of bronchioles (minutes to hours). A third sub-
phéseyvmechanistically, is‘relatablé‘to‘the clearance of
material from the deepest bronchiplar S£ructures (hours)
with an additional contribution, perhaps, from the'actiOn §f
readily mobilized activé macrophages (hours to days). The
péSsible involvemgnt of lung maéraphages as part.of,phase I
is consonant with the concept_of simul£aneoﬁsIopération of»
- the COmponents‘of the clearance process. |

The seéond-phaSe is of partiéular-interest because
it is preddminantly regulated and controlied by the"?hagd—
cytic response and mobilization of phagocytic elem_ehts°
When cleafly_defined from subsequent clearance, thiérphase
can be represenﬁéd by half—timesrmpst.often-lying roughly

between two and six weeks.
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Material which continues to reside in the lung may,
at this stage, be considered as "sequestered," If a third
phase is found} the half-time is usually of the order‘ofA_:
months and the movement of material is largely a slower
continuation of processes operative in phase II, namely,
movement of particle~laden macrophages to the ciliary epi=
thelium and a continued lymphatic uptake. -During this
period one may also exéect some solubilizétion of 'the se-
guestered material subjedtgd to body fluids (Morrow, 1973);7'
Although other processes may continue, sblubilization is
probably a reasonable basis fbr a fourth phase if it is
féund;and the rate of clearance for this phase is expressed
in half-time values of months to years.

Morrow-(l973)'critically assessed various clearance
concepts and reviewed»the‘saliént éhysidlogical'aﬁd anatomi-
cal considerations that underly these concepts. He cate-
gorized the clearance méchanisms into those affecting the
rembval of the readily'transportablexmaterials, e.g., dis-
solved or monoméric substances, by passive and active ab-
sérption processes; anhd those removing the-more,persiStent,
less easily transportable materials, e,ga; "insoluble" dusts,
by endocytosis and dissolution. In addition to-this general
categorization, a number of other variables are superimposed
on the curve presented in Figﬁre‘7,v Some of'thesé«may relate

tO-parameters‘already mentioned, such as particle size, locus
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of deposition, the distribution of the mass of the aerosol
in the :esPiratory tract, and the solubility of the com-
pouna; Other sources of variation are speciés, the condi-~
tion of the clearance mechénisms, effects of additiohal
materials in the aerosol (e.g,,wirritant gases), thé total
quantity'of‘material depdsited, and the reactivity_or cyto-
toxicity of the compound.

The latter factors are of special concern. Numerous

studies, previously discussed, indicate that SO a highly

o
soluble irritant gas, and sulfuric acid,'aﬁ irritant aerosol,
-affect the'mucociliary transport system adversely. .Charles
et al. (1977) deﬁonstrated augmented sulfate ion absorptién
in the rat lung on simultaneous inhalation of heavy metals.
 Absorbed sulfate may result in release of histamine leading
to:increased‘bronchoéonstricting activity (Charles and Menzel,
1975). 1In addition, if a materialAis‘highly-reactiVe‘or is‘r
given in a dose which produces changes ‘in ﬁﬁe lung which are
._manifest as either hyperemia} inflammation,'or transudétion_
ofAfluids and proteins, this is a reasohable_basis.fOr con-
'cluding that the permeability of the alveolar structure has
been altered. This is tantamount to a conclusion that»
clearance of pérticles under these‘cohditions Will be dif-
ferent from that which might be obtained wiﬁh a non-reactive
dose of the same or anotherikind of_particle° A cytotoxic

compound may influence clearance in several ways; two



74
examples will serve. first, a particle that,rwhen phagocy-.
ﬁized, has the capability to damage'or destroy the cell,
will decrease the functional-cabability of thé~macrophages
to participate fully in thé clearance process. Second, é'
cytotoxic compound may create a reaction in the lung (e.g.,
'silicon dioxide) that may segregate a collection of par-~
ticles in the reaction area, making them less subject to
removal. Also, the appearance'of dust particles in pﬁlmo—
nary interstitial, lymphatic, and lymphoid tissue may be
evidence, a priori, for é failure of the lung macrophage to
function optimally due to a,cytotoxic~action of the dust.
Changes in dust removal are generally attributed to some
,>actioh<involving lung macro’phagés° |

Particles deposited in' the alveoli, which contain
no ¢ilia, must invoke other procésses;for removal. Several
possibilities arise. For one thing, it is conceivable that
particles may be moved fromAthe alveolus to the areé of the
terminal bronchioles by alveolar mbvements during respira-
tion, coupled with .a shearing effect of the layers of.secre-
tory fluids on the surface, or an influence of the fluid -
movement bj cilia at some distance. Having arrived at the
" terminal brondhible, particles would then be subjectéd to
ﬁovament by Eiliao Thus,Amacrophage activity is nbt_reé'
garded as the singular cleé;ance mechanism for the alveolar

region. Howevér, a dominant feature of the clearance of the
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alveoli is the phagocytosis of particles by lung macrophages
(Casarett, 1972; Morrow, 1973).

Following phagocytosis, the fate of the inhaléd ma-
‘teriai is dependent on the disposition of the cells in which
it is contained. Two prominent pathways are (a) migration
(or movement) to the ciliated epitheliumrwheré they are ex-
pelled or swallowed, and (b) entry into the lymphatic syétem .
via interstitial penetration in the alveolus (Allison, 1975;
Casarett, 1972). The_prOCess by which macrophages move from
the alveoli to the ciliated airwafs is not clearly undéré
stood. Mobile phagocytic cells would be éxpedted to effect
this area transfer, at least, on the basis of random travél,
.and,’at best, by virtue of facilitaﬁed tropism. The lattef
is most likely due to the presence of an alveolar fluid |
layer. 1In thé latter case,; then, both directional and'meé
-chanical assistance cquld be derived from thevfluid flow.
Whatever the procesé of lungrclearance,rclearly the macro-
phage plays an important role in particle clearance to main-
tain a near-sterile, functional respiratbry surface.' Thus,
the basic interactions of particle and cell can be viewed as

an important fundamental area of investigation.

In Vitro Exposure of Lung Macrophages

The interactions of macrophages with other cell types
and their producté in an organ such as the lung are so

‘complex that analysis in vivo of macrophage aCtivity is
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difficult. The technique of pulmonary lavage makes avail-
able large numbers of lung macrophages without artificial
stimulus. Normally more than 95% of-the cells obtained by
lavage are lung macrophages (Coffin and Gardner, 1872) . it
is therefére-convenient tO”study”the interactions of par-
ticles and other materials with macrophéges in cultures.

The discussion in Chapter 2 émphasized the preva-
~lence of sulfate pollution and its importance in pulmonary
distress. In addition, transition seties metals wete dis=
cussed in relation to their synergism with sulfates. Several
researchers have demonstrated the toxicity of the metal~-
sulfate interactions and‘ﬁetallic oxides (Bowden, 1973; .
'Charles et aI,, 1977; Mustafa et .al., 1971; Waters et al.,

. 1975). The purpose of the study presented below was to ex-
amine the'feasibility of a simple in XigggAluné macrophage

- exposure system and to compare the toxicity of selected
transition series metal sulfates and oxides as a function of

time.

. Methods and Materials

The stock metal solutions were MnO, (0.5514 g/1),

2

0, (0.7944 g/1) and CoSO, -

" and MnSO, - B,0 (0.955 g/1), Co s

4 2

O (1.008 g/1), NiO * Ni,O, (1.6414 g/1) and NiSO, * 6H,0

203 (0.5909 g/1) and Fe(NH4)GSO4 . 12H20

(0.5258 g/1), CA0 (0.9124 g/1) and 3CdSO, - 8H,O (1.025 g/1),

7H2

(l.Ol.g/l); Fe

4 2
Cr,05 (0.8368 g/1) and Cr,(SO,), * xH,0 (0.5975 g/1),



77
Cu0 (1.8160 g/1) and CuSO, ° 5H,O (0.4726 g/1), Zno (1.0664

4 2
. Lung macrophages were harvested according to the

g/1l) and ZnSO 7H,0 (1.01 g/1).
method qf Myrvik, Leake and Fariss (196la), as modifiéd by
Weissbecker et al. (1969). A schematic of the modification
of thé lavage apparatus to utilize gravity flow control,
used in this experiment, is_presented in Figure 8. Rabbits
were chosen as experimental animals because lérge.numbers
of lung macrophages>may be obtained from rabbits and exten-
sive in vitro studies of lung macrophages have been performed..
The rabbit was sacrificed by 30 ml air bolus in an
ear vein and tﬁe lungs immediately excised in tofq with the
trachea and heart. Both the lungs and liver were examinéd
for signs of lesions that might indicate increased.phagocy==
tic activity (Rabinovitch, 1968). If lesions were observed,
the lungs were discarded. Normal lungs werezlavaged 4-5%
with approximately, 30 ml. 37OC, Hanks-BalancedrSalt Solu-
tion (HBSS). The lavage solutions were combined, diluted to
150 ml with HBSS, and then added to 1 liter of Eagles'
Minimum Essential Media (MEM——availabie from Flow Labora-
tories) with additives (100 units Penicillin-G/ml, 100 ug
StreptomYCin/mi, 0.1% L-glutamine). The cell-MEM sﬁspepsion
- was apportioned in 20 ml-aliquot§ to 56_previously silyated
(by treatment'with»diphenyl diéhlorosilane or dimethyl

dichlorosilane) screwtop test tubes with a concentration of
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Figure 8. Constant pressure lung lavage.

Note: Gravity flow, at a 75 cm height, results
in a slow uptake by the isolated lung of
30-40 ml of lavage fluid. Hanks BBS-—
Hanks Balanced Salt Solution (available
from Grand Island Biological Company) .
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approximately 10 cells/ml of lavage fluid. Volumes of 0.1
ml, 1.0 ml, or 2.0 ml of the metal solutions were added and
all tubes were brought to‘22 ml final volume with HBSS. The
test tubes were incubated at 37°% and samples removed as a
function of time. |

The tubes were prepared-for the cell ¢ount by addi-
tion of 0.5 ml of 0.2% Trypsin (aVailableffrom.Sigma)'tév
each tube upon removal from the incubator, Vortexing th§m~to
mix, -allowing the tubes io stand for 10 minutes to permit
release of cells from.tube walls and then vortexing again to
- resuspend settled cells.  The cellé were counted as rapidly
as possible because exposure to the metal solutions would
continﬁe'duringvthe count and: percent viability determina-
tions; and some damaged cells might be.destroyed by the
trypsin. Therefore, celchoncentratibn wasfdetermined by
Coulter count electronically, iather than,micréscopically

by hemacytometer count (Clinical Diagnosis by Laboratory

Methods, 1974). The manganese and nickel exposures were
- counted by hemacytbﬁetera- However, the Coulter count proved
to be as good as, or better than, the hemacytometer count .
due to the greater rapidity of performance,' |
Lung macrophage viability canvbe determined by
several methods. Dye exclusion of l%iTrypaanlue according
to the;ﬁethodvof Rabinowitz (1964) haé the advantages of
ﬂsimplicity, quick"performance;»féliability'and rélaﬁively

\
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little sample volume loss. By this method, wviable cells
actively exclude the dye;lnon—viable cells take up the dye'
and éppear blue b‘.y'l_ig-ht’mic,rosc.opy° One drop of-l% Trypan
Blue»solution per 3 drops of cell culture suspension were
placed on a microscope slide;’mixed,.allbwed to stand no
more than 5 minutes and observed for morphology and percent
viability on the basis of a 200-cell count of several micro-

scopie fields.

ﬁesults

The very simplicity of this study created some dif-
ficulty in drawing valid conclusions from the data obtained.
A few general observations were possible:

1) The most,obvious effect of the metal éﬁlfaﬁes seemed
to be on the cell.memb;ane,‘visible as cell'aggregation
under the light microscope. In a few cases, eﬁg;, copper
and cadmium sulfate, after longer (24-48 hour) exposures to

the highest con-cen-trations'(cuso4 ° 5H,0--42.96 pg/ml and

4 8H20¥~93,18_pg/ml) cell membranes appeared to dis-

integrate.

. 3Cdso

2) Metal oxides were phagocytosed to the poiﬁt that the
cell nucleus was obscured upon light,microscope.observationc
However, no loss in viability could be determined.

3) Giant or 6vérsize cells, 3-10 times 1arger than the
"norma; cell size, were noted in the manganese and'Ziﬁc'sul;

fate exposures at high concentrations. However, from this data
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it is not known whether or not this phenomena represents -
enhanced, normal, macrophage actiVity or a toxic effect.

4) Loss of cell viability was noted only (Table B.l) in
the 2 ml stock solution/20 ml cell suspenéion, manganese
sulfate tubesvfrom 7 hours to the end of the 72-~-hour expo-
sure and in the 2 ml stock solution/20 ml cell suspension,
copper, cobalt, and cadmiﬁm sulfate tubes at 24 an& 48 |
hours. - Because no loss of Viability could be determined in
the corresponding metal oxide exposures, this would seem to
indicate an added toxic effect due to the presencevof the
sulfate anion. The qomplete data are presented in Appen-

dix B.

C‘om,e.n’_c

No reliable decrease in cell numbers could be de-
Vtermined for'anj of the exposures. But this'may'have been
due to the use of a trypsiﬁ solution to remove adherent
rma¢rophages fiom the test tube walls. Trypsin is a potent .
protease and even in dilute solutioms, it could'easily de-
stroy w‘ea‘»-kerne'd‘cell_me,mbra'nes° This may account for the
-uneven distribution bf exposures with few or no cells.

The cell agéregates observed céuld be due to a
"bridgihg" effect by the metal ions somewhat'like the "bridg-
ing" effect of antibody molecules to causé hémagglutination
(lattice formation to create visible clumps of erythrocytes);

If so, it would be an extremely complex reaction and proving
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this theory would require much more sopﬁisticated:methods
than those employed here. Also, the use of a static, round
bottomed tube may have contributed to the aggregation ob-
served, merely by allowing the macrdphages to settle and
stack~up on each other. |

-The loss of ﬁiabilitylnoted in several of the solu~

ble (e.g., MnSO, ° H,0) metal sulfate exposures could have

4
been due to membrane effects of the metal ions (Mustafa et
al;, l97i) or possibly to an'acid pH effect of the sulfatés
(Charles et al., 1977). ‘Any attempt to distinguish between
these meéhénisms of'thotoxicity would requife further ex-
perimentation with métal sulfates and, in addition, with
metal compounds containing an "“inert" aﬁion° Possibly metal
chlorides (Charles et al., 1977) would be uséful beCausé
chloride anions are a norﬁal constituent of the extracellu-
lar environment.

The acid pH observed in some exposures after longer
incubation periods (48-72 hours) was attributed'to bacterial
‘contamination. This probleﬁ could be resolved by use of a
0.45 um Millipore filter and sterilization of_glassware
prior to use. | |

| Several other difficulties with the experimental
technique detract from the validify.of the fesults;  Theée7

" include:
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1) The use of a standing test tube. This allows the
cells to settle and, in éo doing, causes uneven exposure
characteristics, e.g., those cells on-the bottom receive .
~little exposure to the test solution, while those on top
receive a full exposure. Roller tube culture might allevi=-
ate the problem (Burrell and Anderson, 1973).

'2)' Cell counts were performed post-éxposure only and
compared to controi cell counts. This procedure did not
allow for the variability in number of cells origihally inoc=-
ulated. A better procedure would be to perform cell counts
on each test tube prior to addiﬁion'of'the'test solutions.

.3) Too féw controls were included. A média'control and
media plus test solution control should have been inclu&ed.‘
Then any change from optimal pH as indicated by the phenol
red could have been accounted for by'media'breakdown or
bacterial contamination.

4) Particle suspensions were not sized to a uniform
range, even though Hahn et al. (1974) reported decreasing
ﬁhagothosis fot partiqles more than 3 um in size. However,
all particle suspensions were-sbnicated to give anveven-sus=j
pension. In addition»td'this, Casarett (1971) suggests that
.particles be allbwed to settle until all aggregates larger
than,l um haVe-settled out. Thié could be donfirmed>by hemaw:

cytometer to determine not only size, but also concentrations.
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Experimental Modifications

Animal sacrifice via air bolus is an extremely pain-
ful procedure. Therefore,.iﬁjection of sodium bentobarbital
into a peripheral ear vein to anesthesize the animal would
be a mbre humane'procedure with no appérent'effect on the
cell population obtained. Further quificatigns in the
lavage technique éuch as gas—freeihg the lungs and-allowing
the lavage solution to remain in the lungs will maximize
precision (Brain, 1970; Brain and Frank, 1968; Coffin, 1968),
but ére.unnecessary unless an attempt to determine total
numbers of lung macrophages is being made. Use of the
viability index described by Waters et al. (19f5),'where
percent viability is multiplied by the ratio of total intact
cells of the test to controls, would increase the reliability
of viability as a measure of cytotc;xicity° Anbther factor
’.thaﬁ'might generate some ﬁseful information would be the
determination of the relafive amounts of pinocytosis.

More precise data could be obtained,by use of a .
macrophage monolayer -culture system which is in general use
in inhalétion toxicology (Casarett, 1971: Cohn, 1966; Davies,
Page and Allison, 1974; Dannenberg and Burstone et al.,
19637 Virolairnen, 1968). This procedure has several advan-
tages over a cell‘suspension procedure: ‘ |

1) ©No heceSSity for centrifugation and mﬁltiple steps.

in ¢ell preparation.
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- 2). Cell,purification based on the binding properties of
macrephages.
3) Even cell exposure to the test system.
4) Availability of cells for morphologic observation
without mechanical disturbance.
| However, a monolayer culture system is not without
some disadvantages and certain precaﬁtions must be exer-
cised: |
1) Changing the media after allowing for macrophages
adhérenCe not only removes.contaminating-cellular debris,
erythrocytes and lymphocytes, but also limits the macrophage
pOpulation to the most healthy cells. |
2)  Axline (1970) noted morphologic alterations occur-
ring in the cells within a few hours of culture. These
changes included cell spreading, increase in size and pro-
tein content, and a progfeséive increase in lysosomal ac-
tivity. However, Axline suggests that these changes may
correlate with in vivo activation to beCOmé "angry" macro-
’phages, iﬁstead of a reaction to the glass or plastic sur-
face of the culture chamber.
3) Culture media must be strictly controlled, Cohn ana
" Benson (1965b):demonstrated'thaf too little serum (1%)‘re=
. sults in decreased phagocytosis and too much (50%)-zesults
_ in_greatly increased p@noéytosis and production of increased:

numbers of lysosomes as well as hydrolytic enzymes. Most
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researchers use 10% fetal calf serum or homolygous serum.
If media is not used within 5 days of preparation, more
glutamine must be added. In addition, more sodium bicarbon-
ate may be added if thé PH begins to -drop (phenol red indi-
cator is red at pH 7.2-7.4 and yellow at any pH acid to
that) . | |

4) In vitro methodology piaces little.dependence on
physical movement of macrophages for phagocytic activity
but depends on membrane properties of charge or stickiness
and plasticity. This may not be .the casé, in vivo, because
of active,; rather than passive movements by théTCell itself
(Dannenberg, Walter and Kapral, 1963). |

5) Lung macrophage concentrations greater than 1-1.5 x
lO6 cells/ml inlculture may suffer a loss in viability, due
to inadeguate nutrition, or may form an uneven monolayer.

6) The atmosphere should bé.humidified to prevent media
. éoncentrationb Also, most reséarchers use a Swlo%‘cozvand
air atmosphere to more closely.mimic ;qng gas concentrations
at the alVeoiar level.

‘Another in vitro method 5f interest is»the hanging
dropvtechnique Weissbecker et al. (1969) used'té expose lung
macrophages to ogidant gases, inc¢luding 302, The exposurev
concentration is readily controlled by this method. However,
because of the small number of'mécrophages exposed,; the sen-

sitive enzyme indicators described below are not applicable.
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Lung Macrophage-Enzyme Basis
of Pulmonary Disease

The:diversity'of_cellular defense systems in the
lung.and the central role of the macrophage in the response
of the lung to enﬁironmental exposures suggests that these
systems are of key significance in the mediétion of patho-
logic responses £o air pollution exposure. In fact, Casarett
{1972, p. 26) states: "Early changes in lung'macrdphages may
be consideredbas initial events related to the etioclogy of |
ultimate pulmonary-effects;" therefore, the mechanisms df
‘these responses bear significantly on our ﬁnderstanding of
lung disease. The complex physical and biochemical prO?'
cesses involved in particle adherence, particle digestion,
and intracellular processing make this system particularly
vulnerable to a multiplicity of genetid defects and to dis-
turbance or suppression by environmental agents suchras
acid sulfate aerosols. Katz and Laskin (1975) demonstrated
increased phagocytosis of latex particles by lung macro- |
phages harvested from rats exposed to 5-20 ppm SO, for 24

2

hours, whereas a 24-hour exposure to 25 ppm NO, depressed

2
phagocytosis,» A dose response was demonstrated because the

increased phagocytic activity was noted within 24 hours of

culture at 10 and 20 ppm SO but was delayed 3 days in the 5

2’
- ppm exposure. A similar dose-response relationship was ob=
did not impair phago-

'tained for NO exposure to 10 ppm NO

2° 2
~ cytosis as the 25 ppm exposure did. = The numbers of lung
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macrophages constantly increased during the sulfur dioxide
exposures suggesting that sulfur dioxide reaches the alveoli.
However, the response noted could not be sustained in the
“majority of animals if the exposure stopped. Environﬁental
exposure is usually much lower, but continuous.

If iung mécrophages are overwhelmed either by the
‘magnitude of inhaled aerosols or solid particles or by their
inherent toxicity, the consequences to the lung and to the
entire organism may be serious. Air pollutants both initi~-
ate and aggravate a variety of respiratbry diseases, inc¢lud-
ing the pneumoconiosis and emphysema. Patients with an.
inherited tenéency to emphysema exhibit clinical symptoms of
the condition af;a’mUCh'earlier age when exposed'fo air pol-
lution (Stokinger, 1969). Air pollution likewise adversely
affects éntibacterial defense:meChanisms of*the.lung. Pa-
tients'with bronchial illnesses, such és ordinary respiratory
viral‘inféctions; Show increased symptoms wﬁen exposed to
even customéry levels of air pollution (Environmental Protec-
 tion Agency, 1974; French et ai,, 1973). - As mentioned pre-
Viouély, sulfur"diQxide diminishes the rate of bacterial
clearance by interfering with the ciiiéry elevator.’ Also}
'Weissbecke:»et al. (1969) showed that sulfur dioxide (317-
19,100 ppm for 1 hbur) has acute toxié effects on macro-
phages which could interfere with their phagoé?tic efficiéncya

Hurst, Gardner and Coffin (1970) demonstrated that 0.25-7.0
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ppm in vivo exposures of New Zealand whiﬁe rabbits for .1 hour
significantly'decreased acid hydrolases of lung macrophages,
‘includiné lysozyme, which is one of the important bacterial
substancés according to Goldstein et al. (1976). These ef-
fects are l¢gical because macrophages ingest deposited matter
or droplets, so they are often exposed to higher concentra-
tions of toxic méterials than other lung cells. The conseée-
qﬁences of chronic inhalation,of substances toxic to.
macrcphages.wouldrbe expected to impair the phégoeytic ef~-
fectiveness of macrophages alsé, but it is dangerous to
extrapolate from acute to chronic exposures.

Thé-phagocytic efficiency of the lung macrophage sys-=
tem is related to both the numbers of resident macrophages
and their functional status. A depression in quantitative
efficiency can result in (a):undesirable proliferation of in-
.fectious-agents in lungitissue; or (b)'persistence of nonvi-
ébie parﬁicles on the alveolar surface where they mayjexert
tOXicveffects or penetrate beneathlthe epithelium where
clearance mechanisms operéte<more 51owly (Goldstedin, 1976;
 Kavet.and Erain, 197759 DeSpite_the fact that deposition of
particles in the-lungsihas been demonstrated to be followed
by increased nﬁmbers of lung macrophages and increased
levels of phagocytosis (Fairchildtet al., 1975; Kavet and ,
Brain, 1977; Labelle and Brieger, 1959) showed that sulfur

dioxide and sulfuric acid decreased the clearance rates of



90
streptococci; Thus, decreased clearance rates and éompeti-
~tion for phagocytosis upon simultaneous. inhalation of par-
ticles and contaﬁinant bacteria couldrresult in greatly
. increased rates of lower respiratOry infections as has been
aemonstrated in children'in‘many large, polluﬁed'cities in
_the United States such as Chicago and Newlerk (French et
al., 1973). |

| The cytotoxic effects of air pollutants, eépecially
particulate pollutants, is also mediated through injury to
the lysosomal,digestivé apparatﬁs Qf ﬁhelung.macrophage°
However, the relétion between endocytosis by macrophages
- and increased lysosomal enzyme production rémains obscure in
spite of intensive investigation. 'Significant increases in
“levels of acid hydrolases extracellularly have been shown
for phagocytosié of non-digestible particle;, mucopolysac-
charides, baciilus Calmette~Geurin (BCG), digestible pro-
teins and polyamino acids (Axline, 1970; Bowden, 1973; Heise,
Myrvik and‘Leéke, 1965). However, Axline (1970) showed that
phagecytbsis of non-digestible particles such as polyvinyl
toluene, polystyrene and starch and D-amino acid hoﬁopolym
‘mers does not stimulate elevation of enzyme:levels. ‘Based
on these observations, it has been suggested by Axline (1970)
that the guantity and digestibility of éndocytosed material
may control acid hydrolase productiono;.This-doés not_ac='

count for the various non-digestible materials, ihcluding



91
dust, latex particles and PPG (polysaccharide and pepti-
doglycan--streptococcal cell wall substance), -which have
been shown to result in increased acid‘hydrolase.levels
(Ackerman and Beebe, 1974; Dannenberg, Walter and Kapral,
1963; Davies et al., 1974; Weissman, Dukor, and Zurier,
1972). Also, Cohn and Wiener (1963b) demonstrated that
phagocytosis of dead E. coli, compared to iive E. coli, re-
sulted in lower levels of increased production of acid hy-
drolases. Seasonal variations and previous animal history
may account for some of the inconsistencies.

Certain particulates such as silica are known to
injure the phagolysosomal structures leading to leakage of
. digestive enzymes into the cytoplasm and into the surround~
ing'medium-(Allisqn,'HaringtOn, and Birbeck, 1966; Burrell
and Anderson, 1973). Three different mechanisms, all of
. Which are considered to be'indicaiive of cell.damégé or ab-
normal function, have been'descfibed to account for :the
: réleaSe of lysosomal acid hydroiases from cells (Cohn and
Benson, l1965a; Weissman et al., 1971; Weissman, Dukor and
Zurier, 1972). »These include: | |

 1) Loss of integrity of the plasma and lysosomal mem=.
. branes fesulting in enzyme leakagé and cell death.
2) Endocytosis of substances which perturb lysbsomal
S

- and plasma membranes leading to fusion and selective re-

.lease.
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3) "Regurgitation" of acid hydrolases during aborted or

incomplete phagocytosiso

The effects of lysosomal injuries may be mediated through
the resultant‘inflammatory responses leadiﬁg to_collsgen
production and through injury to supportive collagen and
. elastin fibers leading to emphysema. Although studies to
date have focﬁsed principally on fibrogenic inorganic par-
ticulates, it is not unlikely that the'components in sulfate
air pollution might also operate to induce lysosomal in-
juries. These air pollutant effects are ﬁrobably accentu-
ated where génetic defiéiencies exist.

Because of the possibility of acid sulfate injury to
- lung macrophages directly or mediated thfough lysosomal in¥
jury, a worthwhile addition to the previously déscribed metal
sulfate and oxide csmparatiVe=experiment would>be the deter-
mination of selected acid hydrolases, e,g;,'lysozyme,'acid
phosphatase, and B=glucuronidase. In addition, lactate de-
hydrogenase (LDHf'and glﬁtaﬁic oxalacetic transsminase'(GOT)
Adeterminations would indicate not only cell viability,  but
aiso the possible-mechanism of cell deathf ‘LDH.is s cyto-
plasmic enzyme that leaks to the extracellular environment
from dead and dying cells (Ackerman and Beebe, 1974) w}qithott
céll lysis. GOT is an - enzyme released to'the7éxtracellular

environment upon cell lysis (Clinical Diagnosissby Labora-

tory Methods, 1974). Lung masrophages also release
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substantial amounts of elastase when stimulated Allison,
Harington and Birbeck, 1966). Several reviews (Acke;man
and Beebe, 1974; Gross et al., 1969) emphasize the impor-
tance of neutral proteases, collagenase and elastase secre-
tion by macrophages in the pathogenesis of emphysema.
Therefore, elastase might also be asSaye&°

- Determinhation of the time course of enzyme level and
distribution would be most important. These particular en-
zyme assays are suggested as valuable adjuncts . to in vitro
sulfate research for several reasons:

1) Ease of performance and‘availability of reliable
methodology (Osserman and Lawlor, 1966; Schill and Schumacher,
 1972; Schumacher and Schill, 1972; Sigmalchemical Company,
1977, Worthington Chemical Company, 1977). V

2) Reliability for gquantitative determination ana com-
pariédns° | | |

3) Sensitivity to change in normal cellular activity
~or viability. ‘ 7
4) Imélicaéion in etiology of sulfate pollution-related

pulmonary diseases.

_Ehzyme-assays are of particular importance in determining.
long-term total secretion because the ability to support
"steady state enzyme production will determine the results of

long-term. exposure in vivo.
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There is a need to conduct comparative toxicologic
investigations of enzyme levels in lung macrophages follow-
ing sulfate exposure° Elvick (1978) reporﬁs some depression
of acid hydrolases without loss of cell viability as deter-
mined by LDH and GOT. However, his determinations did not
differentiate between extracellular and intracellular levels.
The primary concern of previous sulfate research, as dis-
cussed in Chapter 2, has been epidemiologic studies of mor-
bidity and mortality due to sulfur dioxide, in vivo animal
eprsures to various sulfates with determinations of the
effectsren pulmonary hietologyﬂand'physiology, and -delaved
studies of acute exposure epiSodes such as Donora. These’
‘studies are important to alert people to pollution—related
disease and point out possible agents or combinations of"
agents-responeible for such disease;'however, they do little
to clarify the biochemical basis of pulmonary disease. A
note of warning is in order here. Lack of researchrconnect-
ing the malfunctioning macrophage with lung disease makes it
premature to assume tha£ results from EB-EEEEQ lung macro-
'phegeiexperiments,constitﬁte Egg'basis of pollution-related

respiratory disease.



APPENDIX A
ZINC AMMONIUM SULFATE AEROSOL PRODUCTION

This Appendix contains the basic data from experi-
‘mental work performed to produce a range of zinc ammonium
sulfate aerosol concentrations and particle sizes using a

"'5.00 g/100 ml HZO solution.

The following footnotes are identical for the tables:
a. Chamber equilibrated.withithe aerosol - for 15 mirnutes.
prior'tq MMD determination.
b. Refer to the graph on the following page.

14
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Table A.l. Zinc Ammonium Sulfate Aerosol Concentratlons'
from a 5.00 g/100 ml HZO Solution.

Samﬁle'h » Diluting ':Geﬁeretingt Aerosol

Expo- - Time Air Setting Air Flow Concentration
sure  (Miputes) ~ (1/min.) _(ml/min.) (mg/md)
1 0-5 6.78 80 . 6.25
15-20 6.78" so 8.75
30-35 6.78 . 80 8.33
45-50 6.78 80 11.25
2P 0-5 3.28 230 ~50.83
15-20 3.28 | 230 102.71
30-35" 3.28 - 230 110.42
45-50 . 3.28 230 112,71
3¢ 0-5 0 P I o 99.79
15-20 0 . a23 185.62
30-35 0 423 175.42
45-50 0 423 175.42

_aKennecott Aerosol Generator flowmeter (1/4" steel ball).
bFalnt haze appeared in chamber at 15 minutes and remalned
throughout 60-minute exposure t:l.me° K

CFaint haze appeared at 3 minutes, became a fine fog at 10
. minutes and thickened at 18 minutes to remain throughout
© 60=-minute exposure. :
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" Table A.2. Zinc Ammonium. Sulfate (ZAS) Aerosol Mass Median
Diameter Determination for Lowest ZAS Concentra— '
tJ.on° '

Cascade Impadtorf  ' v
Effective Cut- ZAS Concen- - Percentage

Off Diameter . trationP . of ZAS on Cumulativec
_(micron) __mg/™°)  Each Stage Percentage:
3.51 - o0.a12 ~ 2.00 2.00
272 5.595 - 27.13 29.13
1.83 8,571 41,57 70.70
1.25 2.676 12.98 83.68
0.73 1,850 8.97 92.65
0.26 ©1.137 5.51 - 98.16

0 0.379 1.84 . 100.00

a'Gene:t:'_a-t.:i;ng air flow = 80 ml/minute. Diluting air flow

= 6.78 l/minute. :
bChamber equilibrated with aerosol for 15 minutes prlor +to
MMD determination.

CRefer to graph on the following page.
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Table A.3. Zinc Ammonium Sulfate Aerosol® Mass Median
' Diameter Determination for the Mid-range
Concentration.

Cascade Impactor | _
Effective Cut- ZAS Concen-— Percentage

Off Diameter. tratignb - of ZAS on Cumulative®
(m;cron) e mg/M ) Each.StageA Percentage
3.51 | 0.07 11.86 11.86
2.72 0.14 23.73 35.59
1.83 0.06 10.17 45.76
1.25 0.07 11.86 57.63
0.73 0.02 3.40  61.02
0.26 0.10 16.95 o 77.97

0 0.13 ©22.03 - . .100.00

‘aGenerating air flow = 230 ml/minute° ‘Diluting air flow
= 3.28 l/minute.

bB’lockage of the last hole, on Stage 6, of the cascade im-
pactor caused a pressure drop; therefore, the run was
terminated at 9.5 minutes. -

. CRefer to -graph on following page.
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APPENDIX B

SHORT-TERM CULTURE COMPARISON OF METAL

SULFATES VS. METAL OXIDES

Thé.follbwing.foothoﬁes are identical for the tables
in the appendix: |

a. Slight amount of turbidity present in'stock solu-
tion, but no#,preSent in. test samples.

b. All numericaijsuperscripﬁs refer to morphologic
observations on the following page.

c. All cell counts performed with a Coulter Model ZF
at settings of I.= l,'Amperagé = 4, and Threshold

= 25, except where noted otherwise.

101



Table B.1. MnSO,- H,0 vs. Mn0,> (Mn°").

Control ' . , T | ‘
Time . Final Mn804° Hzo (3.82 g/1) MnO2 (0.5514 g/1)

0 Hour Volume 5 - i T e 5
12:00 AaM 22 ml _ 0.1m® 1.0m’ 2.0m 0.1ml _ 1.0ml _ 2.0ml
Macrophage Percent ~Viabilit‘y2a | |

0 hr. - e - 100 - _— 100 -

1% hr. - e e - - - 100

3% hr. - 97Y = — -3 — 98 90

7 nr. 99 100 78 99 100° 956 94
11% hr. 98 100 55 15 - - 100
25 hr. 100 99 40 20 90 90 95
47% hr. 100 S 72 75 - 100’ 98
72 hr. = 98 - 50 24 P -~ 92

(AN



Table Bol—--COntinuedo

Control

75,000

Time ~  Final - MnSO,- Hzo'(3°82 g/1) Mno, (0.5514 g/1)

0 Hour Volqme — '4 . ) : ) g
12:00 AM 22 ml 0.1 mli 1,0 ml 2.0 ml 0.1 ml 1.0 ml 2.0 ml
Macrophage Concéntratioﬁc (cells/ml) : | |

0 hr. 185,000 161,250 153,750  ,167,500 178,750 | 163,750 168,750
1% hr. 173,750 155,000 157,500 157;500 173,750 175,000 "141,256

3% hr. 156,250 106,250 57,soo< 136,250 120,000 131,250 185,000
.7 hr. 192,500 | 138,750 118,750 203,750 132,500 145,000 128,750
11% hr. 126,000‘ 72,500 107,500 173,750 108,750 115,000 102,500
25  hr. 132,500 71,250 105,000- 176,250 90,000 96,250 78,750
47% hr. 117,500 96,250 . 156,250 208,750 112,500 146,250 118,750

72 nr. 55,000 70,000 101,250 160,000 _-b 31,250

85ee notes a and b, page 101.

bSample‘lostn

cHemacytometer Count.

€0T
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3Q
40

MnSO,- H,O vs. MnO, (Mn2T)

4 2

A few cells were adhering to the test tube wall at 3%
hours. OccasiOnal sméll aggregates (2-8 cells)‘were
observed at 7 hours.

Many cells were adhering to the test tube wall at 3%
hours. A few small aggregates (4-20 cells) were ob-
served at 7%’hours; Slightly oversize cells were
observed at 11% hours. A slight precipitate was visible
macroscopically at 47% and 72 hours.

Approximately 13% of cells were 3x normal size and dead.
A large precipitaté seén;7 Micrbscopicélly-appears as
some aggregates'cohtaining'many dead, oversize,cells'in
thé 7. 11%, 25 and 72 hour, 1.0 and 2.0 ml manganese
sulfate tubes. Atr47%'hburé the giant cells were miss-
ing. Giant cells have appareﬁtly "normal" morphology,
other than size and lack df.viability;

Occasional small (2-~4 cells) groupings of cells. Phago=
cytosis 94%. -

Occasional small (2-4 cells) groupings of cells. Phago-
cytosis 100%. |

Approximately 20% largerncells; 2-3x norﬁal size ob-

served., |,
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.One hundred percent phagocytosis from 3% hours through-

out entire exposure. Several larger cells observed at
3% hours. - Occasional small groupings, lacking aggre-
gate appearance, seen. At 25 hours swollen, empty
cells, only, obsefved,-

One huge, dead cell, approximately 20x normal size, seen.



Table B.2. CuSO4° SHZOJVS, CuO,(Cu2+).

Control 1 4
Time - Final Cus0, - 5H,0

0 Hour Volume . — ;
12:00 PM 22 ml 0.1 ml 1.0 ml 2,0ml " 0.1lml 1.0 ml 2.0 ml

(1,8906,g/1) ~ Cu0 (1.816 g/1)

4

Macrbghage Percent Viability:®

0 nhr., 100 - | - 100 -- J— --
_ 1  hr. 0 . - -- 100 - . o-= 100
2 hr. 100 - - 10 -- — 100
4 hr. 100 - - 100 - - 100
8 hr. "¥—' - o . T
12 he. 100 -- SR 80 -- - 100
24 hr. :' -~ %—' 40 | 200 -- - Higﬁ

48 hr. . 100 - =20 70

90T



Table B02--—-Continue*d°

} COptrol 1 _ ‘ .
Time Final CuSoO °'5H20 {(1.8906 g/l) Cu0 (1.816 g/1)

0 Hour Volume — —7
12:00 PM , 22 ml 0.1 ml 1.0 ml 2.0 ml Qol ml 1.0 ml 2.0 ml
Mécrophage Concentration'(Ceils/ml)e

0 hr;. 39,886 43,751 46,762 47,235 48,359 44,965 45,356

1 hr. 38,362 42,536 42,139 47,068 37,913 44,341 44,123

2 hr. 48,543 42,282 43,804 46,525 43,735 24,619 44,788

4 hr, 53,917 ‘45y623. 44,746 44,810 43,191 45,391 50,602

8 hr. 46,475 45,642 44,814 44,374 . 41,030. 45,861 48,416
12 hf; 48,368 44,678 50,461 46,356 44,900 50,057 48,060

24 hr. 37,213 43,256 50,979 46,813 46,893 48,648 42,646
48 hr. 35,773 40,293 55,028 53,708 42,752 41,811 41,070

8Refer to notes a, b, and c, page.

LOT -



- 108

e 2+
4 SHZO vs. Cu0 {(Cu” )

Cuso
1. No precipitates or ceil aggregates seen in copper sul-
fate tubes at any time. |
2. Blister cells, dead, comprised 10% of the cell popula-
tion.
3. Cell membrane missing on 50% of dead célls and many of
the live cells were atypical. | -
-4, Phagocytic index rose steadily from 50% at 1 hour,
through 80% at 2 hours, to 100% by 4 hours, where it
remained for duration of exposure.
-5, Some swéllen_cells present.

6. Very few cells found.

7. Phagocytosis 100%.



Table B.3. Co0SO,- 7H.O vs. C0,0.2 (Co

4 2 273
Control ' g ' ‘ 1
Time Final CoS0,- 7H,0” (4.032 g/1) Co,,0 (0.7944 g/1)
‘ 4 2° 273
0 Hour Volume . 3
11:00 aM 22 ml _ 0.1 ml 1.0 ml. 2.0 ml 0.1 ml 1.0 ml 2.0 ml
Macrophage Percent Viability:'b
0 hr. 100 - — 100 _ — 100
1 hr. 100 -- -- 92 -- - 98
2 hr. 98 - - 96 - - 100
4% hr. 97 - ' - 93 e - 100
8 hr. - - - 96 . -- - 96
12 hr. — — — 90 _— — - ggt
24 hr. | - . - —_— Lowc - — : 605
51 hr. Viabled — — 0Cr © T — 75

60T



Table B.3-—-Continued .

Control

- 42,432

 rime Final CoS0,* 7TH,0° (4.032 g/1) cozo31(o,7944 g/1)

0 Hour. Volume . : 3
11:00 AM 22 ml 0.1 ml 1.0 ml 2.0 ml 0.1 ml 1.0 ml 2.0 ml
Macrophage Concentration (Celis/ml):4 . .

0 hr. 55,174 58,236 56,177 57,923 56,763 56.404 58,457

1 hr. 57,083 48,917 43,711 44,859 52,305 53,225 51,860

2 hr. 60,762 51,132 40,976 41,403 48,973 50,193 52,158

4% hr. 62,166 47,805 43,467 29,328 48,531 50,240 55,882

8 hr. 81,275 62,073 48,519 33,096 57,348 57,894 59,950
12 hr, 73,365 67,893 ‘51,906 33,566 67,164 61,199 57,735
24 hr. 76,496 71,762 57,033~ 34,122 65,544 64,563 65,969
51 hr. 62,031 58,690 43,670 69,203 60,398 60,519

8Refer to notes a, b; and ¢, page 101.

b

"conly 5 live cells/slide.

- Yery few cells seen.

Animal only 6 weeks old. Therefore, trachea was fragile and some erythrocyte
contamination of lavage solution resulted.

0TT
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'Morphologic'Observations*(Table'B;B):

0 vs. Co,0. (Cu3+)

CoSO "A 7H 203

4 2

l. Particles of Co,50, are larger than those of previous
disperéidns° |

2. No precipitaté or cell aggregates seen.

3. Phagocytic index slowly increased: 1 hour--20%, 2 hours
-=-35%, 4% hours-~-85%, 8 hours--93%, 12 hours--90%+, 51
hours--100%.

4, Some cell distortion seen; bacteria iﬁ excess present.

5. Few undistorted cells seen. .

6. Those cells seen had disintegrating membranes.



Table B.4. 3 CdSO,- 8H.O vs. cdo® (ca®'y.

4" 8
Control o o

Time Final 3¢ds0,- 8H,0 (4.10 g/1) cdo (0.9124 g/1)

0 Hour Volume - —

3:30 PM__ 22 ml 0.1 ml 1.0 ml 2.0ml  0.iml_ 1.0ml 2.0 ml
Macrophage Percent Viabili_ty:a |

0 hr. “100° U Y - - 100

| | ‘ | 1 5

1 hr. 100 - - 001 — -~ 100

4 nr. 100 e 100t 2 - -- 100

6 hr. 100 - - 983 - - 100°

9 hr. 93 - - 80* - - 100°
13 hr. 97 -- --4 90" - -- High®
24 br. 93 - 20 15t 10* - -- 90
48 hr. - 70 0’ 04 10’ -3 --8

<1t



Table B°4~5Continued,

' Control _ ‘ ' o
Time © Final 3Ccdso,- 8H,0 (4.10 g/l) cdo (0.9124 g/1)
v U4 T2 ,
0 Hour Volume ‘ ‘
3:30 PM 22 ml 0.1 ml 1.0 ml 2.0 ml- 0.1 ml 1.0 ml 2.0 ml

Macrophage Concentration (Cells/ml) :

0 hr. 26,059 35,889 37,211 © 36,300 31,984 33,656 32,777

1 hr. = 30,103 32,722 35,788 34,070 33,207 32,439 33,377

4 nr. 31,847 33,53 31,540 30,077 32,851 34,523 33,517

6 hr. 20,540 34,607 31,640 - 33,207 34,379 34,875 38,699

9 hr. 36,970 36,398 33,561 35,411 33,217 34,135 33,423
13 hr. 36,769 34,518 33,987 © 34,714 - 34,359 35,596 36,186
24 hr. 55,762 28,821 30,055 32,321 43,730 45,280 30,083
48 hr; 44,705 39;778 | 26;531 26,886 37,200 36,118 31,320

Refer to notes a, b, and c, page 101.

bVolume 1ow, only 12 5 ml compared to other controls and test standard volume
of 22 mle
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50

‘Phagocytosis 100%.

N 8H.O vs. Cdo (Cd2+)

3Cdso 2

4

Seolutions cloudy.

Some cells observed that seem to be in the process'bf
combining——vizoEtdhmbbell shape with an indistinguishable
membrane.

Some clumping and distorted cells, but no enlargeﬁento
Large amount of precipitate obéerved° Many clumped cells,
red~brown under phase contrast, present in 9 hr., 2.0 ml

cadmium sulfate tube. Both 1.0 and 2.0 ml cadmium sul-

‘fate tubes contain cells appearing red—brownunderlp'hase°

Stock cadmium sulfate solution red-brown. Cells are

partly:disintegrated in 48 hr.; 1.0 and 2.0 mi Caamium
sulfate tubes.. | | |

Some cell enlargement observed.

Phagocytic index low--10% in 6-hour sample-and 15% in

9-~-hour sample.

Very few cells present.



e . | 3+,
Table B.5. Cr2(804) X HZO vs. Cr 03 (Cxr~ ).

3 2
Conﬁrol v ,

Jime - Fnal Cr2(804)3° x Hy0 (2.390 g/1) Cr,05 (0.8368 g/1)
3:30 PM 22 ml  0.0imi___0.lml  T.0ml 0.0l mi _ 0.Iml . 1.0ml
Macrophage Percent Viability (3v) :2

0 hr. - —— . - 96 - - 94
L hr. — 9 97 92 - 95 93

1% hr. - - 96 100 = - 100

3% hr 100 100 100 100t 100 100 100

6% hr. - - - 1002 - - —
10% hr. - - - --3 - - 94
24 hr.? 95 100 -- - - -- -

STT



Table B.5--Continued.

Control
Time Final : ,
0 Hour Volume CR (804)3 pid HZO (2.390 g/l} CR203 (0.8368 g/1)
3:30 PM 22 ml 0. Ol ml O,l ml 1.0 ml 0.01 ml 0.1 ml 1.0 ml

Macrophage Concentrationa (Cells/ml) :

C

94,288 .

48,612

0 hr. 78,058 89,812 84,404 95,644 89,348
‘% hr. 74,650 88,324 90,308 '77,416 70,582 91,332 86,542
1% hr, 83,076 85,124 82,710 43;130 80,780 86,996 76,784
3% hr. 95,692 87,144 . 86,284 66;676 104,462‘ 91,112 80,858
6% hr. 75,014' 88,796 82,118 62,604 86,540 104,528 77,358
10% hr. 69,420 87,536 79,400 61,992 77;616 87,718 | 75,236
24 hr. 31}560 394382 35,792 33,650 62,204 62,664 47,098

aRefer to hbtes-a, b, and ¢, page 101
bInstead of the test system described under methods and materials, substitute°
final volume of combined and diluted 1avage solutions equal 120 ml, and 2 ml of
this cell suspension plus 0.01, 0.1 or 2.0 ml of the chromium solution. This
set-up used only for chromium exposures° '

0. 2° tryp51n not added to the % and 1% hour exposures; therefore, see indica-
tions of strong binding to tube walls by control macrophages.

911
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C:Z(SO4)3° X H2Q VS. Cr203

Viability of 100% is probably due to dead cell membrane

disruption from the Trypsin remaining‘With the cells too

long. A slight precipitate was observed in the 1.0 ml
chromic sulfate tube at 3% hr.

A larger precipitate wvisible in éame tube at 6% hr.
Microscopically the precipitate resolved into a large
cell aggregate with approximatelf 100% V. Some guestion
as to the'viabiiity since cannot be suré dye is reaching
all cells.

Large precipitate ‘that could be partially disrupted withr
2 minutes vortexing (}a’thigh)° Some cells in the aggre-
gate have an indistinct membrane.

Aggregates were Visible,increasing in size from 2-10
cells in the contiol to 50-100+ cells in the 1.0 ml

chromium sulfate tube. Cell walls were not always dis~-

tinct in the chromium sulfate tubes and % V difficult to

determine.
No cell aggregates_br precipitate visible at any time

or concentration in the chromic oxide test tube.



- 12 H.O vs: Fe.0.2 (Fe37t

Tablé B.6. Fe(NHé)GSO ).

4 2 293
. Control , o _

| oime  eimal re(mm,) S0, 12 Hy0(2.1034 g/1) Fe,0, (0.5909 g/1)
12:20 PM 22 ml  0,iml  L.0ml 2.0ml  0.iml_ 1.0 ml 2.0 ml
Macrophage Percernt Viab'iiity: | | .

0 hr.. 92 - - 100 - -1 061
1 hr. 100 - —— . 100 100 -~ 80

2 hr. 100 — -~ 98 -- -~ 100
4" 40" . 100 - | - 92 - -~ 100°

§ hr. 100 — - 100 - - 100°
12 hr. — - —~ 100 - -~ 90
24 hr. 70 60 o - - - o’
48 ne® 75 10 _-Ps 3 - - ow®  Low®

8TT



Table B,6——antinued ,

Control

- Time Final v S :
0 Hour Vo lume Fe(NH4)6SO4 12 H20(2?1034 g/1) Fezo3 (p.5909 g/1)
12:20 PM 22 ml 0.1 ml 1.0 ml 2.0 ml 0.1 ml 1.0 ml . 2.0 ml

Macrophage Concentration (Cells/ml):

0 hr. 35,567 38,589 39,233 37,507 34,343 35,638 37,558
1 hr. 32,694 34,608 36,091 38,655 37,766 33,921 35,902
2 hr. 39,504 34,136 36,270 37,648 33,935 31,514 31,944
4' 40" 35,044 35,497 38,389 39,134 34,850 33,448 37,172
8 hr. 37,368 36,385 38,741 40,809 38,393 34,494 36,475
12 hr. 57,678 59,324 57,650 53,535 50,163 45,435 47,202
24 hr. 47,937 27,016 64,348 52,400 - 40,608 28,705 32,799
48 hr. 65,144 74,198 101,464 96,361 36,569 25,245 35,372

8Refer to notes a, b, and ¢, page 10L.

bViable°

quproximately 5 viable cells/slide.
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Morphologic 'Observations. (Table B.6):

. : : 3+
Fe(NH4)ESO4 12 H20 vsi Fezo3 (Fe™ ')

Cloudy solution.

Macrophages begén showing some distorted shapes at 2
hours aﬁd this continued ahd'worseﬁed throughout the
exposure so that by‘iz'hours the cells were so dis-
torted as to be almost unrecognizable, although viability
continued to be high. A few tenuous surface projections
were noted in the 4' 4" and 8-hour samples. | |

Heavy precipitate. Rare free cells.. Gelatinous masses

of cytoplasm with no visible cell walls present.

Phagacytic index 80% at 1 hour and 100% for duration of

exposure.

Viability difficult to determine because cells were so
full of:particulate. |

Some cells swollen, but not dead.

Many clumps of particulate seen; but no distinguishable
cell material.

Could not f£ind cells.

All test tubes,-except control and 0.1 ml iron ammonium
sulfate, had becomé acid (yellow~ihdicétor éolor)°

Y



Table B.7. NiSO, * 6H,0 vs. NiO - Nij0, (Ni®").

4 2
Control - : _ o ' _
Time Final NiSO,- 6H,0 (4.04 g/1) - NiO - Ni,O.(1.6414 g/1)
_ 4 OHy 203
0 Hour Volume .
3:00 PM 22 ml  0.iml  L.0ml  2.0ml 0.1lml L.0mi _ 2.0ml
0 hr, - - -= 99 . -- - 100
1 hr. 100 - g 94 - - 100
4 nr. 100 -- 100 81 - —~  o4?
6% hr. 100 — =100 — 96 962
o% hr. 99 93 - 98 - - 1002
24 hr. - -t -- 97 - -~ 100
48 hr.3 Y A — -- 964 - -- og?
69 hr.> 100 - - 944 - I 100

TCT



Table B.7--Continued.

Control

Time Final .Ni.s.o s 6'H2_o_ (4.04 .g_/'l.)-‘ ~ 'NiO -.vl«'-NrizQ3_--.(.1.,6.4_14_ g/1)

0 Houxr Volume : e L .

3:00 PM 22 ml 0.1 ml 1.0 ml 2.0 ml 0.1 ml ‘lfO‘ml"' Z,O'mi‘
Macrophage ancentrationb»(Cells/ml):

0 hr. 116,250'l 123,750 121,250 133,750 140;000 103,750 116,250
1 hr. 98,750. 120,000 148,750 122,500 82,500 111,250 135,000y
4 hr, 110,000 :102,500 156,250 135,000 87,500 101,250 90,000
6% hr. 167,500 156,250 115,000 177,500 130,000 162,500 155,000°
9% hr. 138,750 _ 160,000 140,000‘ 121,250 126,250 107,500  105,000
24 hr. - 56,250 -103,750 108,750 | 91,250 71,250 63,750 53,750
48 hr. 57,500' 60,600 _‘y98,500 121,250 97,560 52,500 58,750
69 hr. 27,500 112,500 . 91,250 121,250' 98,750 80,000

81,250

8Refer to notes a and b, page 101.

bHemacytometer Count.

[4AN
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2+

NiSO, ° 6H.O vs. NiO - Ni )

4 2 0, (Ni

2

l. One aggregate of 6 cells seen; This was the only tube
in this exposure to show any aggregationor |

2. Percent phagocytosié-ranged'from 80% at 4 hours to
nearly 100% by 9% hours with extremely full cells seen
at 9% hours.

3. All tubes, except 2.0, ml nickel sulfate ana 2.0 ml
nickel oxide at 48 hours and 0.1 ml nickel oxide at 69
hours, had become acid as indicated by the phenol red
color change from'red to yellow.

4, Some swollen, viable cells seen. Very few éellé-overall
‘were seen in the 48-hour control tube.

5. A precipitéte fbrmed-when trypsin was added to the test.

This was probably due to bacterial contamination.



72 hr. 100

20

Table B.8. ZnSO4° 7H204vsa z2n0? (zn®%).
Controi -
oTﬁgir éﬁ?ﬁﬁé Znsog ° 7H20’(§°04 9/1) . ?ho (1.066 9/1) :
2:15 P4 22 ml . 0.imit 1.omit 2.0mb 0.1mi  1.0mp  2;0 mi
Méciophaqe Percent Viability: | |
0 hr. 97 99 100 100 100 100 100
1 hr. 100 100 98 100 100 100 100
2 hr. 100 - 99 99 - - 100"
5 hr. - — -- 932 - — 997
8 hr. 92 —- _— 98 - - 100’
24 hr. 100 - 100% g4t — -~ 1008
475 hr. 100° - - 100 - 90° 30°
| 95 90 6 - - 95772

7CT



Table B.8--Continued.

A " Control ‘ e
Time Final ZnSO4 ° 7H2,0 {4.04 g/1) ZnO- (1.066 g/1)

0 Hour Volume T i T — - :
2:15 PM 22 ml 0.1 ml 1.0 ml 2.0 ml 0.1 ml 1,0 ml 2.0 ml
Macrophage Cohcenﬁration (Cells/ml) ¢

0 hr. 92,175 95,707 109,092 ‘ 101,959 99,726 99,671 - 101,028

1 hra 92;275 101,213 91,945 .98,271 §7,381 101,542 96,270

2 hr. 93,861 101,877 92,035 96,623 99,641 102,687 --P

5 'hr. 97,185 106,215 89,593 98,696 103,5i1 97;053. 86,503

8 hr 102,622 106,652 90,056 103,841 103,609 99,888 91,914
24 -hra 73,171 93,858 : 66,572 163,646 102,736 76,932 40,367
47% hr. 73,247 59,502 - 68,606 86,032 64,153 - 56,845 41,162
72 hr. .118,291 : 47,829 64,004 . 30,248 97,998 110,308‘ 54,403

b

Sample lost.

-_aRefer to notes a, b and c, page 101.

ST



Morphologic ObservationSAKThble‘B;S):

126

50

60

70

Znso, . 7H,0 vs. ZnO (Zn2+)

Slight precipitate, appearing microscopically as few to

‘many small (3-4 cell) aggregates, present in 1.0 and 2.0

ml zinc sulfate tubes at 1 and 2 hours; and in the 0.1

ml zinc sulfate tube from 24-72 hrs. Precipitate visible
and'aggregates large enough to block counting orifice of
Coulter present in 1.0 and 2.0 ml zinc sulfate tubeé from
5-72 hrs.

Five to ten percent of large (lOd+ cells) aggfegaté aeéd
gellsf

Flocculent precipitate with blister ceils.

Flocculent precipitate containing many lafge cells (3-10x
normal). Many deformed cells, expanded cytoplasm. Ceil
walls blurred in aggregates.

Occasional deformed cell.

Aggregatés very large (1000 cells), many dead cells

present and few free cells.

High phagocytic index (95+%). Some distorted cells at 2

hours and many at 5 hours with few round cells.

Masses of cells, difficult to count.

Some aggregates and many deformed cells in the 1.0 and
2.0 ml zinc oxide tubes at 47% hours. No aggregates,

however, at 72 hours.
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