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Possible Mechanisms to Explain Dust Overloading of the Lungs. MORROW, P. E. (1988). 
Fundam. Appl. Toxico!. 10,369-384. This paper briefly reviews the available evidence on dust 
overloading of the lungs, a condition which has come to the forefront in many recently reported 
chronic inhalation studies. A general hypothesis is developed that dust overloading, which is 
typified by a progressive reduction ofparticle clearance from the deep lung, reflects a breakdown 
in alveolar macrophage (AM)-mediated dust removal due to the loss ofAM mobility. The inabil­
ity ofthe dust-laden AMs to translocate to the mucociliary escalator is correlated to an average 
composite particle volume per alveolar macrophage in the lung. When this particulate volume 
exceeds approximately 60 SLml/AM, on the basis ofa uniform distribution of particles over the 
AM pool size (-2.5 X 10' cells) in the Fischer 344 rat, the overload effect appears to be initiated. 
When the distributed particulate volume exceeds -600 SLml per cell, the evidence suggests that 
AM-mediated particle clearance virtually ceases and agglomerated particle-laden macrophages 
remain in the alveolar region. This paper considers possible mechanisms why these particle­
laden cells are immobilized, viz., one is based on excessive particle-cell, cell-cell chemotactic 
interactions, and migratory inhibition factors; the other considers the volumetric increase by 
phagocytized particles, per se, as leading to an inability ofthe AM to spread and migrate proba­
bly through a competitive requirement for surface membrane and cytoskeleton in both endocy­
totk and migratory functions. © 1988 Society ofTo,icology. 

BACKGROUND OF DUST the lungs. The essence of this experimental 
OVERLOAD CONCEPT finding is bipartite: (a) long-term exposure to 

relatively high dust concentrations leads to 
substantial number of experimental obser­ excessive pulmonary dust burdens whereby 

(Adamson and Bowden, 1980, 1981; the pulmonary clearance of persistently re­
et aI., 1983; Bowden and Adamson, tained particles by alveolar macrophages be­

Bowden, 1987; Chan et al., 1984; Davis comes progressively reduced until it essen­
aI., 1978; Ferin, 1972, 1977; Ferin and tially ceases: at this time, lung dust burdens 

·_-..",...u·••• 1978; Green et al., 1983; Kloster­ increase linearly at a build-up rate approxi­
and Buneman, 1961; Klosterkotter mating the rate of dust deposition; (b) as ex­

Gono, 1971; Le Bouffant, 1971; Lee et cessive lung burdens develop, a number ofal­
1983; Matsuno et aI., 1986; Middleton et terations appear in both the disposition of re­
1979; Muhle et al., 1987a,b; Shami et aI., tained particles and their pattern of induced 
. Wehner et al., 1983, White and Bhag- responses and toxic actions within the lungs. 
1981; Wolff et al., 1985, 1987) has led In both regards, interest is mainly with in­

the general concept of dust overloading of haled particles whose retention half-times in 
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the lungs are measured in weeks, months, or 
years, and whose toxicity depends upon chro­
nicity. 

Thus, breakdown of macrophage-medi­
ated dust clearance creates an artifactuallung 
condition typified by a sequence of dysfunc­
tional and pathologic changes. While the 
temporal development of these nonspecific 
changes may differ with different dusts and 
the degree of dust overloading, most materi­
als appear to initiate a quantitatively similar 
pattern of changes, e.g., widespread accumu­
lations of dust-laden macrophages within al­
veoli; enhanced appearance of lymphoid-as­
sociated and interstitial dust deposits; and 
persistent inflammatory changes with in­
creased epithelial permeability, associated 
with neutrophil infiltration and activation. 
These conditions usually progress during 
chronic exposures until there is a develop­
ment of alveolitis and granulomatous lung 
disease, such as fibrosis (Adamson and Bow­
den, 1981; Bowden, 1987; Hunninghake et 
ai., 1984; Gross, 1967; Pepelko et ai., 1980; 
Reiser and Last, 1986). 

The toxicological implications of lung 
overloading should be obvious. Even many 
dusts which have generally been recognized 
as innocuous and considered to fall within 
the Nuisance Dust classification (ACGIH, 
1981), have, under conditions of dust over­
loading, been shown to produce a diminution 
ofdust clearance and a variety of unexpected 
toxicological endpoints including tumorigen­
esis (Brand, 1986; Holland el ai., 1986; Lee el 
ai., 1985). Dusts with established toxicities, 
such as silica, in overload circumstances, 
have been reported as producing a relatively 
high incidence of lung cancer: a pathological 
endpoint seldom seen in man or experimen­
tal animals under lesser exposure conditions 
and lower lung burdens of silica (Groth et ai., 
1986). Several contemporary papers have 
pointed out the confounding nature of dust 
overloading in interpreting the outcome of 
recent chronic inhalation toxicity studies for 
diesel particles (McClellan, 1986; Vostal, 
1986). 

It should be emphasized that lung 
loading per se does not depend upon the 
herent chronic toxicity of the IT'lVP<.:t",.,+.,.J 

material. Whether the material is 1"\1'\1·......·;_ 

tumorigenic, fibrogenic, or completely 
nign, dust overloading superimposes its 
tions of modifying both the dosimetry and 
the toxicological effects ofthe test material. 

In chronic studies, the incorporation of a 
surrogate particle, e.g., 59Fe203, which 
known to be cleared from the lungs by 
lar macrophages (AMs) (Lehnert and 
row, 1985b) has been shown to track 
change in retention of the test dust. For 
application the animal is exposed to 
gram quantities of the surrogate aerosol 
its retention is measured independently but, 
concurrently with the test dust. As the . 
burden ofthe test dust becomes excessive 
its retention time is prolonged, a rrn\r........'... 

prolongation of the surrogate particle 
tion has been observed. This . 
adds credence to the involvement of the 
in the overload process (Morrow, I 
Muhle et al., I 987a,b; Wolff et ai., 1985, 
1987). 

Several important aspects ofdust n\Jf'rln,<ltf. 

ing are still poorly understood. One fin,,,,,,,,,. 

need is for a better quantitative definition 
the overload condition. While the level 
dust burden causing overloading appears 
be greater than 1-2 mg of a relatively 
tently retained dust in the lungs of a 
344 rat, for example (Chan el aI., 1984; 
et al., 1985, 1987; Muhle et aI., 1987a,b), 
such a dust burden does not produce an all­
or-none type of overload response. Rather, 
the responses and effects produced become . 
more severe as the lung burden exceeds 
general level. Chronicity also appears to be 
significant factor in its development. 

Another important informational defi­
ciency pertains to the general appropriateness 
of the overload phenomena to all persistent . 
dusts and to other species besides the rat. 
Since the impact of overloading appears to 
increase with the absolute dust burden in the 
lungs, it is important to understand to what . 
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extent this condition of impaired macro­
phage clearance is reversible. Intuitively, one 
would expect recovery to be faster at lung lev­
els which did not cause a cessation of dust 
clearance. 

In any case, dust overloading threatens to 
compromise many expensive, long-term 
studies unless there is some reasonable strat­
egy to limit inhalation exposures in ways 
analogous to those now applied to parenteral 
and oral administrations involved in other 
chronic toxicity investigations (National 
Toxicology Program, 1984; Munro, 1977). 
Suggestions toward this goal were described 
in two recent publications (Morrow, 1986; 
Morrow and Mermelstein, 1987). 

Despite informational deficiencies and the 
lack ofany systematic study ofdust overload­
ing, there appears to be a plausible mechanis­
tic basis for the overload phenomenon. This 
paper develops mechanistic hypotheses 
largely from studies which have attempted to 

. quantify the size and capacity of the pulmo­
nary macrophage pool and from studies 
which have described the kinetics and re­
sponses of AMs during quantitatively de­
scribed particle exposures (Lehnert and Mor­
row, 1985b). 

STATEMENT OF HYPOTHESIS 

The principal overload hypothesis to be de­
veloped in this paper proposes that the condi­
tion of dust overloading in the lungs is caused 
and perpetuated by a loss in the mobility of 
the alveolar macrophage. Moreover, this loss 
of mobility that impedes macrophage trans­
location from the lungs is produced by the 
phagocytosis of excessive amounts of parti­
cles, a condition which can be expressed as 
the cumulative particle volume per alveolar 
macrophage. 

The overall mechanistic hypothesis re­
quires a step-wise development. First, parti­
cle build-up and clearance kinetics and how 
these relate to chronic inhalation exposure 

. conditions will be examined. Second, we will 
./eview AM-mediated clearance and apply 

known lung burdens associated with dust 
overload in order to develop the primary hy­
pothesis, viz., that a progressive increase in 
the cumulative size ofparticle volume phago­
cytized leads to AM immobilization. Esti­
mates of the boundary conditions for particle 
overloading are described. Third, possible 
bases for the unusual prolongation and ulti­
mate cessation of AM-mediated particle 
clearance are examined in the context of the 
loss of translocation mobility of the "over­
loaded AM." 

KlNETIC DESCRIPTION OF 
OVERLOAD CONCEPT 

Kinetically, the clearance of dust from the 
alveolar or pulmonary region ofthe lungs has 
usually been treated as a first-order process 
(Morrow, 1977). This widely applied model 
is not based on specific clearance mecha­
nisms although it is evident that several 
known clearance processes are, or closely re­
semble, single first-order processes. Rather, 
the model has been used mainly because it 
provides a kinetically suitable description of 
pulmonary clearance and a relatively simple 
dosimetric approach (Morrow, 1973). 

In depicting a single-compartment, first­
order clearance model (Fig. IA) d is the rate 
of pulmonary dust deposition and k is the 
fractional clearance rate of the lung compart­
ment removal and L is the dust content of 
the lung compartm~nt. One can see that the 
build-up rate of L (L) depends upon the rela­
tionship i = d - kL mg day-I, where dis 
expressed as milligrams per day, L is ex­
pressed in milligrams and k equals In 21t! 
where t! is the retention half time in days; 
therefore, k is expressed as fraction per day 
(day-I). When d approximates the value of 
the product kL, and i approaches zero (Fig. 
IB), the increasing similarity of absolute de­
position and absolute clearance rates leads as­
ymptotically to the steady-state lung burden, 
Lss. The dust build-up rate before and at the 
steady-state condition is accordingly ex­
pected to resemble that depicted in Fig. 2. 
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A. Build -Up Phase 

1m, d:,-" •Q-(d-ay-k--'l-" 

d > kL C; d - kL 

B. Steady-State Phase 

I", ;"-,,,8 (d:,~" · 
d ; kssL.. L; 0 

FIG. I. Build-up and steady-state kinetics of single­
compartment lung model employing first-order dust 
clearance during a chronic dust exposure. (A) The kinetic 
relationships between dust deposition (d) and clearance 
(k) are depicted during the build-up phage of dust in the 
lungs. The build-up rate is described by L. (B) When the 
dust burden in the lungs achieves a certain level, the 
amount ofdust removed by first-order clearance (Ie..) be­
comes equal to the rate dust deposition (d). This heralds 
the achievement ofa steady-state lung burden (L..). 

This type of build-up curve was nicely 
demonstrated in the rat, dog, and monkey 
during chronic studies by Leach et at. (1970, 
1973) and kinetically inferred by the analyses 
of coal miner lungs reported by Stober et at. 
(1967). 

It is conventional to accept five retention 
half-times (t!) as the approximate time re­
quired to produce Lss. In reality five t! consti­
tutes only 97% of Lss which, in theory, equals 
d(t!/ln 2). Keeping the amounts of dust ex­
pressed in milligrams and time expressed in 
days, the predicted value of Lss in milligrams 
is approximately equal to 1.44 d t! or can be 
determined from the ratio: d/k. 

The deposition rate d (mg day-I) is obvi­
ously determined by the exposure concentra­
tion (mg m-3

), the respirable dust deposition 
fraction, and the ventilation of the exposed 
subject (m3 exposure day-I). For illustrative 
purposes, we can assume a Fischer 344 rat, 
during a 8-hr exposure day, ventilates (180 

ml min-I X 480 min/l06 ml m-3
) or 0.0864 

m3 day-'. 
Applying a 0.10 rat respirable deposition 

fraction, the rate of dust deposition (d) will J 
equal the product of the amount of air ~. 
breathed by the rat times the exposure con- .r 
centration (C) times this deposition fraction ~: 
i.e., 0.0864 m3 day-I X (C) mg m3 X 0.10: .~ 
This product, 8.64 X 10-3 (C) mg day-Il!; 
equals the value of d. Because chronic d~ ;~ 
exposures are usually limited to 5 days a~{ 
week, we can "adjust" the value of d by ~, so:; 
that we can treat the rate of dust deposition.1 
as though it pertained to continuous daily ex- .:& 
posures. Thus, the adjusted d is equal to 6.17,: 
X 10-3 (C) mg day-I. .~~ 

The one remaining factor which deter- -~ 
mines the rate of achieving Lss and its abso-i 
lute value is the pulmonary retention half- -! 
time for the dust. In order to examine the im- :i 
pact of different exposure concentrations on 

. 

:~ 
L ss , we will assume a 60-day retention half­
time, which means that the clearance rate co­
efficient, k = In 2/60 days = 0.0116 day-I, 
pertains to the dust. 

In the first example, we will consider (C) to • 
be equal to 2 mg m-3

• This signifies that the 
rate of dust deposition, d, equals 6.17 X 10-3 

m3 day-I X 2 mg m-3 or 0.01234 mg day-I. 

L.. 

.... 
~ 

~L..:2: 
0 
U 
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<I)
:::. 'hL..Q 

(!) 

~ 
..,J 

EXPOSURE TIME 

FIG. 2. Build-up rate oflung dust content during clear­
ance inhalation exposure. In this depiction the level of 
lung dust build-up is expressed as a fraction of the steady­
state lung burden (L..). Time is expressed in tenns of the 
retention half-time of the test dust detennined from the 
clearance rate coefficient (k), that is, t! = In 21k. 
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TABLE I 

INTERRELATIONSHIPS OF RESPIRABLE EXPOSURE CONCENTRATIONS AND DUST RETENTION 

IN ACHIEVING STEADy-STATE LUNG BURDENS· 

Exposure Deposition Retention Oearance Steady-state lung Time to 
concentration (C) Deposition rate (d) half-time rate (k) burden (L,..) achieveL .. 

(mgm-J) fraction (mgday-I) (days) (day-I) (mg) (days) 

Case I 2 0.10 0.01234 60 0.0116 1.06 300 
Case 2 2 0.10 0.01234 120 0.0058 2.12 600 
Case 3 20 0.01 0.01234 60 0.QI16 1.06 300 

2 0.10 60 0.QI16 10.6 300 
f
i Case 4 0.1243 

t,., .In all examples, the rat is assumed to breathe 0.0864 ml per exposure day and all exposures are adjusted so as to resemble continu­t ous weekly exposures, as described in the text. 

From the lung model (Fig. 1 B), we can see 
that under steady-state conditions, that is, 
when d is equal to 0.01234 mg day-I, the 
product of kLss will also equal this value, 
therefore, Lss = 0.01234 mg day-I/0.0116 
day-I = 1.06 mg. With the assumptions 
made, the first-order clearance model pre­
dicts that in 300 days (5 t~) we will effectively 
achieve L ss , actually 97% ofLss or 1.03 mg. 

If we had chosen a longer retention half­
time for the dust, say 120 days, the value ofk 
would be one-half as large, i.e., 0.0058 day-I. 
All other assumptions unchanged, the value 

. of Lss would be twice as large, 2.12 mg, and it 
would be effectively reached in 600 days. This 
and several other changes in assumptions are 
given in Table 1. Of the examples presented 
in Table I, let us focus on case 4 where the 
exposure concentration is taken as 20 mg m­3 

'f'; and the predicted Lss is 10.6 mg. Available ev­
.'. idence on dust overloading suggests the fore­

_._.'.......' going method of predicting Lss would not ap­
, ply since more than 2 mg of dust would be 

deposited in the rat's lungs within the first 30 
days of exposure. In Fig. 3, we see the build­
up rate and Lss value associated with the case 
4 assumption (Table 1). Additionally, a linear 
build-up rate, i.e., a constant daily increase in 
lung dust content associated with an insig­
nificant daily reduction in dust clearance, is 
Shown having a value of0.1234 mgday-I, the 
value ofd. This latter depiction, in turn, indi­
cates that at 40.5 days, for example, there 
Would be 5 mg of dust in the lungs, slightly 

more than predicted by the first-order kinetic 
model. Instead of reaching 97% of the pre­
dicted Lss (10.3 mg) in 300 days, the linear 
build-up model indicates that this will hap­
pen in 83.5 days (10.3 mg/0.1234 mg day-I) 
while at 300 days, 37 mg is the predicted 
value for the lung dust burden, L. 

The foregoing development and these sim­
plified estimations are predicated on the as­
sumption that clearance mechanisms other 
than macrophage-mediated particle removal 
are relatively unimportant over the chronic 
exposure time. For instance, estimations of 

10.6 

~ 
.... 8.0 
;z .... .... 
;z 
0 
(.) 5.3 
.... 
V) 
:::> 
Q 
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;z 
:::>... 

60 120 180 240 300 

EXPOSURE TIME (days) 

FIG. 3. Case 4 build-up kinetics. In this graphic depic­
tion, both a first-order build-up rate and a linear build­
up rate are given. Inasmuch as dust overloading would 
occur with either build-up rate assumption in less than 
30 days of exposure, the linear build-up will be closer to 
reality throughout the subsequent exposure time, pro­
vided all assumptions remain constant. 
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clearance by dissolution have often yielded 
relatively long half-times (Mercer, 1967). 
Such a removal process could account for a 
-10% reduction in the lung burden 
achieved. This would lead to a more-or-Iess 
linear build-up rate intermediate to the two 
curves depicted and a somewhat smaller 
value for L. 

To have avoided a condition of excessive 
lung levels occurring in the foregoing exam­
ple (case 4), either the exposure concentra­
tion or the respirable deposition fraction 
would have had to be reduced by about a fac­
tor 10 (e.g., case 3 in Table 1), thereby, a pre­
dicted Lss of 1.1 mg would be expected and 
the build-up ofdust in the lungs would follow 
the simple first-order kinetics initially de­
picted (Fig. 2). 

Kinetic descriptions of dust clearance us­
ing a single compartment and single or multi­
ple first-order clearance functions have 
proved both versatile and useful, but they 
uniformly depend upon the proposition that 
the value of k does not vary with the size of 
L. This has led to an alternate approach, for 
example, represented by Vincent et al. (1985) 
and by Strom and Chan (1984). Both models 
envision a nonlinear sequestration compart­
ment which has a very small clearance 
coefficient (long retention half-time). For 
example, in Strom and Chan's model, the 
sequestration compartment becomes more 
dominant as the mass ofparticles in the mac­
rophage compartment increases. This leads 
to a redistribution of particles to the seques­
tration and lymphatic compartments. Ki­
netically, these nonlinear models with se­
questration compartments are capable of de­
scribing overload effects by the use of a 
complex set of differential equations. The 
power of these models is somewhat offset by 
their inherent complexity and the recogni­
tion of profoundly abnormal events in the 
lungs induced by excessive dust burdens, in­
cluding a blockage of macrophage migration 
and a virtual cessation of AM-mediated dust 
clearance. Evolution of an abnormal or 

pathologic compartment does not befit the 
usual compartmental concept. 

Another version ofthis approach, is that of 
Yu and Morrow (1987) which makes use ofa 
simpler nonlinear model, i.e., where the 
value of k is a function of the magnitude of· 
L. This model has the capability ofdescribing 
kinetically the prolongation of pulmonary 
dust retention both as a normal consequence 
of chronic exposures and as an overload phe­
nomenon without invoking a hypothetical 
compartment. In this case, "overloading" is 
an extension of the normal prolongation 
effect of an increasing lung burden. Linked· 
to this decrease in pulmonary dust clearance 
with increasing lung burden is a concomitant 
increase in translocation of dust to the lym­
phatic drainage and lymphoid tissue (Adam- .. 
son and Bowden, 1981, 1982; Ferin, 1972; 
Ferin and Feldstein, 1978; Strom and Garg, 
1985; Yu and Morrow, 1987) which also oc­
curs in the condition ofdust overloading. 

The solubility clearance model proposed 
by Mercer (1967) is another example of a 
nonlinear model where the decreased rate 
dissolution (clearance) and the increased rate· 
of lymph nodal uptake were both linked to 
increasing pulmonary dust levels. Mercer's 
model is focused on clearance by a non-equi­
librium dissolution process, whereas the im­
plications of the dust overload concept focus 
on the capacity of the alveolar macrophage 
system and its progressive incapacitation, a 
functional concept readily applied to the 
nonlinear models ofStrom and Chan (1984), 
Vincent et al. (1985), and Yu and Morrow· 
( 1987). 

THE AM SYSTEM AND DUST 

OVERLOADING 


Studies have shown that the size ofthe AM 
population of the rat lungs is altered by the 
alveolar deposition of dust particles (Brain, 
1971; Bowden, 1987; Lehnert et al., 1985c). 
In a study designed to examine the effects of 
microgram (27 --44 Mg) lung burdens of an in­
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nocuous dust on AM response in SPF Long~ 
Evans rats, Lehnert and Morrow (l985a,b), 
using s9Fe oxide aerosol (1.6 ± 0.1 J,Lm 

, MMAD) and multiple bronchoalveolar la­
vages, estimated the AM pool size as 2.14 
X 107 cells with a daily output from the rat 
lungs of -­2.8 X 105 AM. This latter estimate 
agrees reasonably well with that made by 
Masse et al. (1977) of 7.5 X 105 AM per day 
and the AM pool size estimation of Crapo et 
al. (1980) of ­ 3 X 107 cells, both investiga. 
tors using different strains ofrats. 

The AM study of Lehnert and Morrow 
(1985b) provided evidence by lavagate analy­

. ses that the pulmonary clearance of Fe203 
particles is >90% pulmonary macrophage­
mediated. On the basis that pulmonary reten­

'.• tion half~times reported for Fe203 by several 
groups (Gibb and Morrow, 1962; Lehnert 
and Morrow, 1985b; Morrow et ai., 1964; 
Muhle et a/., 1987a) range between 53 and 
65 days and average around 60 days, and the 
assumption that Fe203 clearance is com­
pletely due to AM removal, then a clearance 
coefficient, k, ofln 2/60 days = 0.0116 day-l 
should apply to the fraction of the macro­
phage pool translocated daily. Averaging the 
estimates cited regarding AM pool size to 2.5 
X 107 cells, then the product, 2.5 X 10' cells 
(0.0116 day-i), indicates 2.9 X 105 cells are 
translocated day-I, a value similar to those 

. cited earlier and determined on independent 
bases. 

If we accept a provisional value of 1 mg 
dustjg of lung tissue as the lowest level pro­
ducing the overload condition then in the 
adult Fischer 344 rat of -1.5 g lungs, a 1.5 
mg burden is, in principle, relegated to an 
AM pool consisting of -., 2.5 X 107 cells. This 
is equivalent to -6 X 10-8 mg dust! AM. 
Since it is logical to assume that the density 
of the particle is irrelevant to phagocytosis 
(Morrow and Mermelstein, 1987), we can re­
eXpress the mass of the lung dust in terms of 
an equivalent volume with a density (p) equal 
to 1.0, thereby, 1 mg ofdust is volumetrically 
equivalentto I X 10-3cm3 . To work with vol­
Umetric units more suitable for particles and 

cells, we can convert I X 10-3cm3to J,Lm3 by 
the factor 1 X 1012 J,Lm 3/cm 3 

; thus, 1.5 mg of 
unit density dust has a composite volume of 
1.5 X 109 J,Lm3

• Allocating this composite par­
ticle volume to -2.5 X 10' AM pool indi­
cates an average particle volume of 60 J,Lm31 
AM under the initial conditions of excessive 
lung burdens whereby evidence ofdust over­
loading begins to appear. 

Expressing lung burdens volumetrically in­
dicates that Ti02, for example, with a p =4.3, 
requires four times the particulate mass bur~ 
den to bring about the same volumetric 10ad~ 
ing of the macrophage pool, i.e., 4-8 mg 
Ti02/g lung instead of 1-2 mg dust/g lung. 
This fits the experimental findings with Ti02 
of Lee et al. (1985). In retrospect, our initial 
description of overloading being associated 
with 1-2 mg dust!g oflung arose from studies 
of coal, soot, diesel, and copolymer particles, 
all essentially unit density materials. To 
avoid the dust density issue, overloading can 
be expressed as starting at a lung burden of 
about 1-2 X 109 J,Lm 3 particulate volume/g 
lung (60 J,Lm 3/AM X 2.5 X 107 AM/lung) in 
the rat lung. 

The median volumetric size of a rat AM is 
approximately 1000 J,Lm3 (Dethloff et ai., 
1987; Lehnert and Morrow, 1984; Strom, 
1984); therefore, this 60 J,Lm 3 particulate vol­
ume can be thought of as producing a 6% in~ 
crease in the average AM volume. Since a 1­
J,Lm spherical particle (p = 1.0) is 5 X 10-13 

cm3 or 0.5 J,Lm 3 
, 60 J,Lm3 is represented by 120 

such particles. By analogy, for 3-J,Lm particles, 
60 J,Lm3 is represented by 4 or 5 such particles. 
This and other volumetric computations in 
this paper neglect the complexity of void 
spaces associated with close packing of 
spheres: these could, under some conditions, 
increase the composite particle volume of 
uniform spheres by about one-third or more 
(from 1-411"/18to 1-411"/24)(Stober, 1972). 
Another neglected complexity pertains to the 
range of AM cellular volumes. As Strom 
(1984) reported, AM volumes, even under 
control circumstances, are highly skewed and 
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include some cells with volumes greater than 
4000 Jtm3 volume. 

In a recent review by Bowden (1987), sev­
eral collaborative studies with Adamson (Ad­
amson and Bowden, 1980, 1981, 1982; Bow­
den and Adamson, 1984) are described which 
analyzed the AM response in mice given vari­
ous particle sizes and burdens. Recruitment 
of AMs was found to be related to the size 
and number ofthe administered particles. At 
constant lung loading, 0.03-Jtm carbon parti­
cles induced a three-fold greater increase in 
the lavageable AM population than uniform 
latex particles of 1.0-Jtm diameter, with 0.1­
Jtm latex particles being intermediate in their 
AM recruitment 

Adamson and Bowden (1981) reported 
that in the mouse lung, approximately 1010 

particles of0.03 Jtm were needed to stimulate 
division of interstitial cells and produce a 
concomitant increase (up to a factor 10) in 
lavageable cells (AM) over a control rate of 
- 2.6 X lOs AMs per day in unexposed mice. 
If substantially larger numbers of particles 
were instilled in the mouse lung, for example, 
8 X 1013 carbon particles ofO.03-Jtm size or 8 
X 109 latex particles of 1.0-Jtm diameter, no 
further elevation in lavageable AMs occurred 
signifying a "saturation" ofAM recruitment. 
The differences seen in macrophage recruit­
ment between the largest (1.0 Jtm) and small­
est (0.03 Jtm) particle investigated was about 
a factor 3, with the maximal effect produced 
within the first postinstillation week. 

For purposes ofthis discussion, data for the 
I-Jtm particle will be used since this particle 
size is typical ofdusts used in inhalation stud­
ies and is close to the particle size used by 
Lehnert and Morrow (1985a,b) for AM ki­
netics. If we accept 8 X lOS AM as represent­
ing an average, sustained daily translocation 
rate from the dust-exposed mouse lung (Ad­
amson and Bowden, 1981) and assume that 
the lavageability of mouse AMs is compara­
ble to that determined for the rat, then the 
activated AM pool size for the mouse would 
be about 8 X 107 cells. 

The composite volume for 8 X 109 uniform 
particles of I.O-Jtm-diameter is 4 X 109 11m3. 
From this calculation and the estimated AM 
pool size, (4 X 109 Jtm3/8 X 107 AM), we ob­
tain an estimate of50 Jtm3

/ AM when the AM 
recruitment system is characterized by Bow. 
den as "saturated" (Bowden, 1987). The sim­
ilarity of this composite particle volume per 
macrophage to the 60 Jtm3

/ AM value ob­
tained on the basis of rat studies is apparent 

Bowden stressed that this "saturation" 
level of innocuous particles was associated 
with a general pulmonary inflammatory re­
sponse, an increased likelihood of free parti­
cles in the interstitium. and increased local­
ization of particles in peribronchial and peri­
vascular connective tissue (Adamson and 
Bowden, 1980, 1981, 1982; Bowden and Ad­
amson, 1984). These responses are similar to 
those seen with particle overloading and ap­
pear to support the general hypothesis that 
the progressive prolongation ofparticulate re­
tention derives from a combination ofevents 
which includes the apparent inability of the 
AM system to adapt to excessive dust bur­
dens. 

The mean 50-60 Jtm3
/ AM volume change 

obtained by the foregoing calculations infers 
each AM phagocytizes the same volume 
(number) of particles. This is clearly not the 
case as Kavet et al. (1978) and others have 
shown (Lehnert and Morrow, 1984; Lehnert 
et at. (1985d). Frequency distributions ofpar­
ticles/ AM vs percentages of the AM popula­
tions have been found to be skewed and 
sometimes Poisson-like (Kavet et al.. 1978). 
At early times after AMs are exposed to uni­
form latex particles in either in vitro or in vivo 
systems (the latter being assessed by lavaged 
AMs), there is clearly a broad distribution of 
particle numbers per AM. For example, 
Lehnert et al. (1985d) intratracheally admin­
istered 4 X 108 uniform latex particles of 1.9­
Jtm-diameter to each offive Sprague-Dawley 
rats. After 24 hr, lavaged AMs (pooled data) 
demonstrated that -99% of the particles 
were cell-associated. Moreover, at this time a 
mean of~35% ofthe lavaged AMs contained 
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t 

no particles; 18% contained 1-5 particles/ 
AM; 12% contained 6-10 particles/AM; 6% 
contained 11-15 particles/AM; and 3% con­
tained 16-20 particles/AM. A substantial 

t fraction, ,... 26%, of the lavaged AMs con­
tained more than 20 particles. Subsequently, 
Lehnert reexamined this portion of the fre­
quency distribution (1987). The extended 
grouped data were as follows: approximately 
5% of the AMs contained 21-30 particles/ 
cell; ,... 5% contained 31-40 particles/AM; 
-5% contained 41-50 particles/AM; -3% 
contained 51-60 particles/AM; ,... 3% con­
tained 61-70 particles/AM; -2% contained 
71-80 particles/AM; and -1% contained 
81-90 particles/AM. The remaining catego­
ries 91-100, 101-110, 111-120, 121-130, 
and> 130 particles/AM were associated with 
mean percentages of 0.8, 0.2, 0.2, 0.2, and 
0.1 , respectively. 

A rough estimate based upon these original 
and extended data indicates that the average 
number of 1.9-#,Lm particles, each with a 3.6 
#,Lm3 volume, per AM was of the order of 15. 
Furthermore, this distribution signifies that 
-73% of the AM had up to 60 #,Lm 3 of 1.9­
~m-diameter particles; 37% of the AM were 
distributed within the overload range, i.e., 
contained between 60 and 500 #,Lm3/AM. 
Clearly, these highly skewed distributional 
data are not Poisson-like. 

Instead of visualizing the overload process 
as affecting all AMs uniformly, it is probably 
more realistic to envision an increasing frac­
tion of the AM population reaching some 
composite - particulate - volume limitation 
which results in a reduced ability to clear par­
ticles. With a chronic particle exposure, the 
increase in lung dust burden results in a pro­
gressive increase in the immobilized AM 
population until ultimately all cells reach this 
volumetric limitation and AM-mediated 
clearances ceases. 

There is only limited evidence on the mag­
nitude of the lung burden bringing about a 
virtual cessation of AM-mediated clearance. 
Such data indicate that a lO-fold greater dust 
burden is required than is present when over­

loading begins to bring about a significant 
prolongation of particulate clearance (Chan 
et al., 1984; Muhle et ai., 1987b). Expressed 
in average terms, the volumetric limitation 
would constitute at least 600 #,Lm3

/ AM. For 
1.9-#,Lm-diameter uniform microspheres, this 
would be equivalent to - 170 particles per 
cell, again neglecting the void-space volume 
which becomes more and more important 
with increasing numbers ofphagocytized par­
ticles. For this specific case, adding the void­
space volume to the composite volume of 
170 uniform 1.9-#,Lm particles/AM might ex­
ceed 780 #,Lm 3/AM, or conversely, only 150 
such particles would be needed to exceed the 
600 #,Lm 3/ AM volumetric limitation if close 
packing occurred. 

With this restatement of dust overloading, 
it is interesting to consider the study ofSnipes 
and Clem (1981) with 3-, 9-, and 15-#,Lm di­
ameter polystyrene particles simultaneously 
administered intratracheally into the lungs of 
Fischer 344 rats. Polystyrene particles ofeach 
size were tagged with a different radionuclide 
so external counting was useful for determin­
ing the respective retention half-times. 

Fifty micrograms ( -1.7 x 106 particles) of 
3-#,Lm microspheres was found to be cleared 
biphasically with the slow (alveolar) half-time 
slightly longer than that for iron oxide, 69 vs 
60 days, respectively. When 5 #,Lg ('" 2 X 105 
particles) of 9-#,Lm polystyrene microspheres 
were administered, the slow clearance phase 
had a 580-day half-time. Each of these 9-#,Lm­
diameter particles has a 382 #,Lm3 volume. By 
virtue of the low (0.01) ratio of particles to 
AM cells (2 X 105:2 X 107

), only a fraction of 
the AM cells could phagocytize either 1 or 2 
of these particles, but either event would be 
expected to lead to a prolongation of reten­
tion and this was found. 

For the 15-#,Lm-diameter polystyrene mi­
crospheres, except for an initial rapid clear­
ance of'" 14% of the instilled particles proba­
bly due to entrapment of particles in small 
airways, the alveolar clearance phase was im­
measurable. Each of these 15-#,Lm particles 
has a 1.77 X 103 #,Lm 3 volume which is larger 
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than the volume of the average AM and 
greatly exceeds the estimated overload limit 
for any cell, creating a virtual "all or none" 
situation as far as AM migration is con­
cerned; hence, no AM-mediated clearance 
should occur irrespective ofthe postexposure 
time, and this was found. 

The attainment of the condition of over­
loading which is termed the "volumetric 
limit" implies a loss of AM mobility, but not 
necessarily a concomitant loss or reduction of 
phagocytic function. Histological data do not 
reveal what the status of the dust-laden AMs 
may be in this regard. During the develop­
ment ofthe overload condition, the ability of 
the pulmonary macrophage to phagocytose 
particles which are not acutely cytotoxic does 
not appear to be impaired, since alveoli are 
regularly seen with particle-laden macro­
phages. Since these accumulations of par­
ticle-laden cells persist, it is logical to assume 
that normal AM cytolysis occurs with 
prompt reengulfment of released particles by 
new AMs. This condition is apparently not 
remedied with time if the dust exposure con­
tinues. Whether the condition reverses, how 
fast and to what extent, after dust-loading 
ceases has not been determined. 

Since the overload condition is sustained 
during chronic inhalation exposures of many 
months' duration, one can postulate that the 
inability of the dust-laden macrophage to 
translocate from the lungs is the critical fea­
ture ofthe condition. That the mobility ofthe 
pulmonary macrophage must be adversely 
affected by the excessive dust loading is 
clearly inferred, but whether this is a direct or 
indirect effect on the AM cannot be deduced 
from available data. 

FACTORS AFFECTING THE 

MOBILITY OF THE AM TO 


TRANSLOCATE FROM THE LUNGS 


Although much investigative effort has 
been directed at phagocytic mechanisms, 
particularly at the role ofchemotactic factors 

and opsonins, AM activation, AM phago­
cytic receptors, nonspecific phagocytosis, and 
various cell-cell interactions (Silverstein, 
Steinman, and Cohn, 1977; Brain, 1986-, 
Jones, 1984; Musson and Henson, 1984) rel­
atively less fundamental information has 
been acquired on macrophage mobility per 
se, and very little is known about AM mobil­
ity in the context of translocation from the 
lungs. 

At present, two general concepts prevail for 
AM translocation from the alveoli to the 
bronchial tree: this appears to be the most 
widely accepted and dominant translocation 
pathway for AMs. First, there is the random­
walk concept that implies a stochastic basis 
for a cell to encounter the active translocation 
region of mucociliary transport, commenc­
ing at the level of the terminal bronchioles. 
The second postulated concept is that of di­
rected migration through the transitional air­
ways to the same "mucociliary escalator." In 
the latter regard, the AM migration is pre­
sumed to be due to either (a) the directed mo­
tion ofthe alveolar fluid lining layer on which 
the AMs are passively transported or (b) a 
chemoattracl mt gradient which directly po­
larizes and f2cilitates AM migration along the 
alveolar epithelial surface. 

The first of the concepts of directed migra­
tion probably originated with the view of a 
continuous capillary effusate into the alveoli 
together with Macklin's description of 
"sumps" (Macklin, 1955). This concept was 
furthered by the intuitive model of a respira­
tory-driven "ebb and flow" for the superficial 
alveolar fluid lining layer (Gross, 1953; Kil­
burn, 1974). Unfortunately, the best avail­
able evidence refutes the existence of a nor­
mal capillary effusate on the alveolar surface 
and supports the viewpoint that the alveolar 
surfactant-hypo phase layer is generally less 
than 0.1 J-Lm thick on the alveolar surface and 
discontinuous (Gil, 1985). Lung surfactant 
cyclically forms multilayers and then re­
spreads, in situ, during breathing (dynamic 
compression and relaxation) and a continu­
ous alveolar lining layer is not required for 
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appropriate reduction of surface tension 
(Notter and Morrow, 1975; Notter and Fin­
kelstein, 1984). 

Of these several concepts, therefore, di­
rected migration by chemotactic factor(s) 
seems to be the least contentious. Kinetically 
directed and random migration by AMs 
would both resemble first-order processes, 
i.e., a constant fraction ofthe AM pool would 
translocate per unit time. However, the exis­
tence of powerful and multifarous chern oat­
tractants seems to provide a basis not only for 
chemotactic particle-cell interactions leading 
to phagocytosis, but also for modifications of 
cell-cell interactions and of AM mobility. 
Consequently, alterations in cell mobility ac­
companying particle overloading can be hy­
pothesized as based on excessive elaboration 
of these factors. 

Among t'1e factors which have been dem­
onstrated to induce inflammation and in­
crease epithelial permeability, affect cell ad­
herence, enhance the formation of AM clus­
ters and granuloma, and inhibit AM 
migratory activity are certain lymphokines, 
e.g., macrophage migratory inhibition factor 
(MIF), and several glycoproteins elaborated 
by AMs and other cells, such as fibronectin 
and colony stimulating factors (CSFs) (Bur­
gess el al., 1977; Dauber and Daniele, 1980; 
Fowles et aI., 1973; Hunninghake el aI., 
1984; Kradin et aI., 1986; Martin et al.. 1984; 
Metcalf, 1985; Reiser and Last, 1986; 
Rocklin, 1974; Warr and Martin, 1973). In 
the latter group, M-CSF, for example, has im­
portant actions on AM adherence and self­
agglutination and on the proliferation and ac­
tivation ofAMs and neutrophils. 

Both AMs and neutrophils produce prosta­
glandins and activated AMs affect phospho­
lipid production ofmany molecules with sup­
pressor feedback actions on the AM, leading 
Metcalf ( 1985) to suggest an internal self-reg­
ulation whereby, inter alia, the level of ma­
ture AMs controls new AM recruitment. Re­
iser and Last (1986) used this same informa­
tion, including some data on lymphokines, 

e.g., MIF, to propose a basis for increased cell 
matrix reactions and granuloma formation. 

Collectively, the actions of these chern oat­
tractants and activators and modulators of 
AM function fit the phenomenologic infor­
mation on particle-laden, aggregated, immo­
bilized AMs observed during particle over­
loading. Nevertheless, the evidence that these 
factors, mainly studied in in vitro systems, ex­
plain the progressive cessation of AM-medi­
ated particle translocation from the lungs is 
entirely circumstantial. 

It is conceivable that the foregoing factors 
come into play only in relation to the "satura­
tion" effect on AM recruitment described by 
Bowden (1987) and in terms ofthe AM agglu­
tination and granuloma formation. Under 
these conditions, the AMs may be physically 
unable to spread and migrate, notwithstand­
ing the possible persistence ofa normal or en­
hanced chemoattractant gradient for directed 
AM translocation. It is likely that control of 
the AM translocation process is complex and 
that all of these speculations regarding AM 
mobility vary greatly in their relevance. 

It seems equally plausible to imagine that 
the failure of the engorged, particle-laden 
macrophages to possess normal motility may 
be due to the volumetric distortion induced 
in these cells with a concomitant reduction 
in available cell surface for spreading and to 
phagolysosomal interactions with the cy­
toskeletal system (Trotter, 1981; Cain and 
Kraus, 1981). In other words, a completely 
mechanical basis for AM immobilization 
seems possible based on the dual requirement 
of cell surface membrane and cytoskeleton 
for both migration and endocytosis (Aggler 
and Werb, 1982). 

In Fig. 4, we see an example ofwhat might 
be involved. A fully spread macrophage 
which may be typical of a migrating cell is 
seen. On the basis of the field magnification, 
we can estimate this cell's surface area as 
-1250 J.Lm2, which is about 2.6 times more 
surface membrane than a "smooth" AM with 
a 1000 J.Lm 3 volume would possess (1250 
J.Lm2/483 J.Lm2). The spherical cell volume of 
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FIG. 4. Alveolar macrophage spreading. These rat alveolar macro phages in this photomicrograph were 
taken from a cell-particle (sheep erythrocytes) suspension and allowed to adhere to a substrate before 
fixation and viewing by scanning electron microscopy (SEM). In this selected field, at least one fully spread 
AM appears almost devoid of particles. The foreground AM, juxtaposed by two other macrophages, ap­
pears to have spread less and the surface of its spherical segment is smooth except for many proturbances 
caused by large numbers of phagocytized erythrocytes. (Photomicrograph provided by Dr. B. Lehnert.) 

1000 fLm 3 assigned the average AM is based 
on a displaced volume measurement which is 
relatively insensitive to the presence ofa nor­
mally ruffled surface membrane. Hence, we 
can hypothesize that this "stored" surface 
membrane is available for phagocytosis and 
especially for migratory spreading in a some­
what competitive fashion. The AM in the 
foreground of Fig. 4 is engorged with many 
sheep red blood cells (>80), almost devoid of 
ruffles, and appears to have a limited ability 
to spread. Although SEM images offixed cells 
are not dimensionally reliable, this micro­
graph possibly demonstrates features which 
may affect the ability of the cell to migrate 
from the alveolar spaces to the mucociliary 
region. 

Perhaps even more compelling than the 
surface membrane competition, is that docu­

men ted for endocytosis, cell adhesion, 
spreading, and locomotion ofthe AM in rela­
tion to its cytoskeletal system (Aggler and 
Werb, 1982). 

Whatever the mechanistic basis for the in­
hibition ofthe AM to translocate from the al­
veolar region, one can deduce that the volu­
metric "limitation" of 600 fLm 3 or there­
abouts can result from the phagocytosis of 
many small particles or ofa single large parti­
cle such as a 15-fLm diameter latex sphere. In 
other words both the induction of dust over­
loading and the ultimate breakdown of AM­
mediated particle clearance should be consid­
ered both as a particle size effect such as that 
demonstrated by Snipes and Clem (1981) 
and in terms ofa composite volume ofphago­
cytized particles discussed here in relation to 
excessive particulate burdens. 
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SUMMARY AND CONCLUSION 

A general mechanistic hypothesis is pre­
sented on how and why excessive particle 
loading brings about a debilitation of AM­
mediated particle clearance. The general hy­
pothesis contains several secondary hypothe­
ses; specifically, that particle overloading oc­
curs when a certain cumulative or composite 
particulate volume is reached in the alveolar 
macrophage, and that this, in tum, results, di­
rectly or indirectly, in the loss ofAM mobility 
and AM-mediated particle transport. The ca­
pability of the lung to clear particles, even of 
low inherent toxicity, is an important defense 
mechanism. The longer insoluble particles 
reside in the lung, the more opportunities ex­
ist for adverse developments. Accumulation 
of sufficient number of persistently retained 
particles may lead to a variety of adverse 
effects including, pneumoconiosis, hypersen­
sitivity pneumonitis, and tumorigenesis. 
While it is clear that retardation of particle 
clearance represents a departure from normal 
behavior, it is unclear whether lung overload­

.ing or in the extreme, cessation of particle 
.. clearance by itself represents a toxic endpoint 

or whether it merely leaves the lung more sus­
·ceptible to infection and other sources of in­
jury. While this general picture is derived 
from limited experimental data, it appears to 
provide coherence to an assortment of highly 
gennane, but seemingly isolated experimen­
tal results. In any case, the main features of 

. . the hypothesized mechanistic basis for parti­
.~.c·'CIf' overload proposed are subject to experi­

mental refutation or confirmation and, at 
least, should stimulate the development of 
.additional evidence or alternative explana­
tions for our present, all-too-limited under­
~nding of the phenomena of dust over­
.k>ading. 

ACKNOWLEDGMENTS 

. The valuable suggestions and criticisms provided by 
, . Drs. G. Oberdorster, R. Mermelstein, and 
·.llKilpPer are gratefully appreciated. A special acknowl­

edgment is due to Dr. Bruce Lehnert of the Los Alamos 
National Laboratory for providing the unique particlel 
macrophage distributional data and permission to use 
the SEM photograph of rat macrophages (Fig. 4). 

REFERENCES 

ADAMSON, I. Y. R., AND BOWDEN, D. A. (1980). Role 
of monocytes and interstitial ceUs in the generation of 
alveolar macrophages. II. Kinetic studies after carbon 
loading. Lab. Invest, 42, 518-524. 

ADAMSON, I. Y. R., AND BOWDEN, D. A. (1981). Dose 
response ofthe pulmonary macrophagic system to var­
ious particulates and its relationship to transepithelial 
passageoffree particles. Exp. Lung. Res. 2,165-175. 

ADAMSON, I. Y. R., AND BOWDEN, D. A. (1982). Effects 
of irradiation on macrophagic response and transport 
ofparticles across the alveolar epithelium. Amer, 1. Pa­
thol. 106,40-46. 

AGGLER, J., AND WERB, Z. (1982). Initial events during 
phagocytosis by macrophages viewed from outside 
and inside the cell: Membrane-particle interactions 
and c1athrin. J. Cell Bioi. 94, 613-623. 

American Conference of Governmental Industrial Hy­
gienists. (1981). Documentation of Threshold Limit 
Values for Substances in Workroom Air. 

BOLTON, R. E., VINCENT, J. H., JONES, A. D., ADDISON, 
J., AND BECKETT, S. T. (1983). An overload hypothe­
sis for pulmonary clearance of UICC amosite fibers in­
haled by rats. Brit. J. Ind. Med. 40, 264-272. 

BOWDEN, D. A. (1987). Macrophages, dust and pulmo­
nary diseases. Exp. Lung Res.n, 89-107. 

BOWDEN, D. A., AND ADAMSON, I. Y. R. (1984). Path­
ways of cellular efflux and particulate clearance after 
instillation to the lung. J. Pathol. 143, 117-125. 

BRAIN, J. D. (1971). The effects of increased particles on 
the number ofalveolar macrophages. In Inhaled Parti­
cles III (W. H. Walton, Ed.), pp. 209-223. Unwin, 
London. 

BRAIN, J. D. (1986). Toxicological aspects of alterations 
of pulmonary macrophage function. Annu. Rev. Phar­
macol. Toxicol. 26,547-565. 

BRAND, K. G. (1986). Fibrotic scar cancer in the light 
of foreign body tumorigenesis. In Silica. Silicosis and 
Cancer (D. Goldmith, D. Winn and C. Shy, Eds.), pp. 
281-286. PraegerScientific, New York. 

BURGESS, A. W., CAMAKARIS, J., AND METCALF, D . 
(1977). Purification and properties of colony-stimulat­
ing factor from mouse lung-conditioned media. J. 
BioI. Chern. 252, 1998-2003. 

CAIN, H., AND KRAus, B. (1981). Cytoskeleton in cells 
of the mononuclear phagocyte system. Virchows Arch. 
Cell Pathol, 36, 159-176. 

CHAN, T. L., LEE, P. S., AND HERING, W. E. (1984). Pul­
monary retention of inhaled diesel particles after pro­



382 P. E. MORROW 

longed exposures to diesel exhaust. Fundam. Appl. 
Toxicol. 4, 624-631. 

CRAPO, J. D., BARRY, B. E., FOSCUE, H. A., AND SHEL. 
BURNE, J. (J 980). Structural and biochemical changes 
in rat lungs occurring during exposure to lethal and 
adaptive doses ofoxygen. Amer. Rev. Respir. Dis. 122, 
123-143. 

DAUBER, J. H., AND DANIELE, R. P. (1980). Secretion of 
chemotoxins by guinea pig lung macrophages. l. Spec­
trum of inflammatory cell responses. Exp. Lung Res. 
1,25-32. 

DAVIS, J. M. G., BECKETT, S. T., BOLTON, R. E., COL­
LINGS, P., AND MIDDLETON, A. P. (1978). Mass and 
number of fibres in the pathogenesis of asbestos-re­
lated lung disease in rats. Brit. J. Cancer 37,673-688. 

DETHLOFF, L. A., Y ALDEZ, R., HABBERSETT, R., AND 
LEHNERT, B. (I987). Isolation of pulmonary intersti­
tial macrophages by combining an Fe receptor affinity 
technique with multiparameter flow cytometry. Amer. 
Rev. Respir. Dis. 135, A207. 

FERIN, J. (1972). Observations concerning alveolar dust 
clearance. Ann. NY Acad. Sci. 200,66-72. 

FERIN, J. (1977). Effect of particle content of lung on 
clearance pathway. In Pulmonary Macrophage and 
Epithelial Cells. Proceedings ofthe 16th Hanford Bioi· 
ogy Symposium, pp. 414-423. ERDA Report CONF­
760927, Technical Information Center, Energy Re­
search and Development Administration, Washing­
ton,DC. 

FERIN, J., AND FELDSTEIN, M. L. (1978). Pulmonary 
clearance and hilar lymph node content in rats after 
particle exposure. Environ. Res. 16,342-352. 

FOWLES, R. E., FAJARDO, l. M., LEIBOWITCH, J. L., AND 
DAVID, J. R. (1973). The enhancement ofmacrophage 
bacteriostasis by products ofactivated lymphocytes. J. 
Exp. Med. 138,952-964. 

GIBB, F. R., AND MORROW, P. E. (1962). Alveolar c1ear­
ance in dogs following inhalation of an iron-59 oxide 
aerosol. J. Appl. Physiol. 17,429-432. 

GIL, J. (1985). Histological preservation and ultrastruc­
ture of alveolar surfactant. Annu. Rev. Physiol. 47, 
753-763. 

GREEN, F. H. Y., BOYD, R. L., DANNER-RABOVSKY, J., 
FISHER, M. J., MOORMAN, W. J., ONG, T., TUCKER, 
J., YALLYATHAN, Y., WHONG, W., ZOLDAK, J., AND 
LEWIS, T. (1983). Inhalation studies of diesel exhaust 
and coal dust in rats. Scand. J. Work Environ. Health 
9,181-188. 

GROSS, P. (1953). The mechanism of dust clearance 
from the lung. A theory. Amer. J. Clin. Pathol. 23, 
116-120. 

GROSS, P. (1967). The mechanisms of some structural 
alterations ofthe lung. Arch. Environ. Health 14,883­
891. 

GROTH, D. A., STETTLER, L. E., PLATEK, S. E, LAL, 
J. B., AND BURG, J. R. (1986). Lung tumors in rats 
treated with quartz by intratracheal instillation. In Sil­

ica, Silicosis and Cancer (D. Goldmith, D. Winn 
C Shy, Eds.). pp. 243-263. Praeger Scientific' 
York. ' 

HOLLAND, L. M., WILSON, J. S., TILLERY, M. I., 
SMITH, D. M. (1986). Lung cancer in rats exPQsed 
fibrogenic dusts. In Silica, Silicosis and Cancer 
GOldmith, D. Winn, and C Shy, Eds.), pp. 
Praeger Scientific, New York. 

HUNNINGHAKE, G. W., GARETT, K. C, 
H. B., FANTONE, J. C, WARD, P. A., RENNARD,S. 
BITTERMAN, P. B., AND CRYSTAL, R. G. (I 

Pathogenesis of the granulomatous lung ~.."......,,, 
Amer. Rev. Respir. Dis. 130,476-496. 

JONES, J. G. (1984). Clearance of inhaled particles 
the alveoli. In Aerosols and the Lung: Clinical 
perimental Aspects (S. W. Oarke and D. Pavia, 
pp. 170-196. Butterworths, London. 

KAVET, R. L, BRAIN, I. D., AND LEVENS, D. J. ( 
Characteristics of pulmonary macrophages 
from hamsters exposed to iron oxide aerosols. Lab. 
vest. 38, 312-319. 

KILBURN, K. (1974). Functional morphology ofthe 
tal Jung. Int. Rev. Cytol.37, 153-270. 

KLOSTERKOTTER, W., AND BUNEMAN, G. (1961). 
mal experiments on the elimination of inhaled 
In Inhaled Particles and Vapors (C. N. Davis, Ed.), 
327-337. Pergamon, Oxford, England. 

KLoSTERKOTTER, W. S., AND GoNO, F. (1971). 
term storage, migration and elimination ofdust in 
lungs of animals with special respect to the 
ofpolyvinyl-pyridine-N-oxide. In Inhaled Pal'llcl,p~ 
(W. H. Walton, Ed.), pp. 273-280. Unwin, Old 

ing, England. 


KRADIN, R. L., ZHU, Y., HALES, C A., BIANCO, C, 
COLVIN, R. B. (1986). Response ofpUlmonary 
phages to hyperoxic pulmonary injury. Amer. J. Pa· 
thol.125,349-357. 

LE BOUFFANT, L. (1971). Influence de la nature 
poussieres et de Ie charge pulmonaire sur I'epuration; 
In Inhaled Particles 111 (W. H. Walton, Ed.), pp. 
237. Unwin, Old Woking, England. 

LEACH, L. J., MAYNARD, E. A., HODGE, H. C, SCOTT, 
J. K., YUILE, C L., SYLVESTER, G. E., AND WILSON, 
H. B. (1970). A five-year inhalation study with natural 
uranium dioxide (U02) dust. I. Retention and biologic 
effect in the monkey, dog and rat. Health Phys. 18, 
599-612. 

LEACH, L. J., YUILE, C L., HODGE, H. C, SYLVESTER, 
G. E., AND WILSON, H. B. (1973). A five-year inhala­
tion study with natural uranium dioxide (U02) dust. 
n. Post-exposure retention and biologic effects in the . • 
monkey, dog and rat. Health Phys. 25,239-258. 

LEE, 	K. P., TROCHIMOWICZ, H. J., AND REINHARDT, . 
C E (1985). Pulmonary response of rats exposed to 
titanium dioxide (Ti02) by inhalation for two years .. 
Toxicol. Appl. Pharmacol. 79, 179-182. 

I 

~ 
I 

http:Cytol.37


383 DUST OVERLOAD MECHANISMS 

: LEE, P. S., CHAN, J. L., AND HERING, W. E. (1983). 

. Long-term clearance ofinhaled diesel exhaust particles 


in rodents. 1. Toxicol. Environ. Health 12, 801-813. 

, LEHNERT, B. E. (1987). Personal communication. Los 


Alamos National Laboratory, Los Alamos, NM. 
, LEHNERT, B. E., AND MORROW, P. E. (1984). Size, ad­

herence and phagocytic characteristics of alveolar 
macrophages harvested 'early' and 'later' during bron­
choalveolar lavage. 1. Immunol. Methods. 73, 329­
335. 

;~LEHNERT, B. E., AND MORROW, P. E. (l985a). Charac­
;'!. teristics of alveolar macrophages following the deposi­
k tion ofa low burden of iron oxide in the lung. J. Toxi­
': col. Environ. Health 16, 855-868. 
l'UHNERT, B. E., AND MORROW, P. E. (1985b). Associa­

tion of'9iron oxide with alveolar macrophages during 
alveolar clearance. Exp. Lung Res. 9, 1-16. 

~I'."HNF:~n, B. E., VALDEZ, Y. E., AND HOLLAND, L. M. 
. (1985c). Pulmonary macrophages: Alveolar and inter­

stitial populations. Exp. Lung Res. 9, 177-190. 
, B. E., VALDEZ, Y. E., AND BoMALASKl, S. H. 

(I985d). Lung and pleural "free-caU responses" to the 
intrapulmonary deposition of particles in the rat. J. 
Taxical. Environ. Health 16, 823-839. 

~,Il'~L""'"IN. C. C. (1955). Pulmonary sumps, dust accu­
mulations, alveolar fluid and lymph vessels. Acta Anal. 
23,1-33. 

T. R., ALTMAN, L. C., ALBERT, R. K., AND 
HENDERSON, W. R. (1984). Leukotriene production 
by human alveolar macrophage: A potential for ampli­
fying inflammation in the lung. Amer. Rev. Respir. 

129, 106-111. 
R., FRITSCH, P., NOLlKE, D., LAFuMA, J., AND 

CHRETIEN (1977). Cytokinetic study of alveolar mac­
rophage renewal in rats. In Pulmonary Macrophage 

. and Epithelial Cells (C. L. Sanders, R. P. Sneider, 
G. E. Doyle, and H. A. Ragan, Eds.), pp. 106-114. En­
ergy Research and Development Administration, 
lQ;:nnllCaJ Information Center, Washington DC. 

K., TANAKA, I., AND KODAMA, Y. (1986). 
Pulmonary deposition and clearance of a coal fly ash 
aerosol by inhalation. Environ. Res. 41, 195-200. 
·~'-"'Cl.,LI\I". 	 R. O. (1986). Health effects of diesel ex­
haust: Acase study in risk assessment. Amer. Ind. Hyg. 
Assoc. J. 47, 1-13. 

T. T. (1967). On the role of particle size in the 
of lung burdens. Health Phys. 13, 1211­

, P. E. (1973). Alveolar clearance of aerosols. 
.Arch.lntern. Med. 131, 101-108. 

MORROW, P. E. (1977). Clearance kinetics of inhaled 
particles. In Respiratory De/ense Mechanisms (J. 
Brain, D. Proctor, and L. Reid, Eds.), pp. 491-543. 
Dekker, New York. 

MORROW, P. E. (1986). The setting of particulate expo­
sure levels for chronic inhalation toxicity studies. J. 
Amer. Coli. Toxico!. 5, 533-544. 

MORROW, P. E., GIBB, F. R., AND JOHNSON, L. (1964). 
Clearance of insoluble dusts from the lower respiratory 
tract. Health Phys. 10,543-555. 

MORROW, P. E., AND MERMELSTEIN, R. (1987). 
Chronic inhalation toxicity studies. In Inhalation Tox­
icology: The Design and Interpretation 0/ Inhalation 
Studies and Their Use in Risk Assessment. New York, 
Springer-Verlag, in press. 

MUHLE, H., BELLMAN, B., AND HEINRICH, U. (1987a). 
Overloading of lung clearance after chronic exposure 
of experimental animals to particles. Ann. Occup. 
Hyg., in press. 

MUHLE, H., BELLMAN, B., CREUTZENBERG, 0., KJLP· 
PER, R., AND MERMELSTEIN, R. (1 987b). Pulmonary 
deposition, retention and clearance of a pigmented 
polymer in rats. A presentation at the International 
Life Sciences Institute Congress on the Design and In­
terpretation of Inhalation Studies and Their Use in 
Risk Assessment, Hannover, Federal Republic of Ger­
many, March 23-27,1987. 

MUNRO, I. C. (1977). Considerations in chronic toxicity 
testing: The chemical, the dose, the design. J. Environ. 
Pathol. Toxico!. 1,183-197. 

MUSSON, R. A., AND HENSON, P. M. (1984). Phagocytic 
cells. In Immunology o/the Lung and Upper Respira­
tory Tract (J. Bienenstock, Ed.), pp. 119-138. Mc­
Graw-Hill, New York. 

National Toxicology Program. (1984). General State­
ment o/Work/or the Conduct 0/Acute, Fourteen-Day 
Repeated Dose, 90-Day Subchronic and 2- Year 
Chronic Studies in Laboratory Animals. Department 
of Health and Human Services, Washington, IX. 

NOlTER, R. H., AND FINKELSTEIN,J. N. (1984). Pulmo­
nary surfactant: An interdisciplinary approach. J. 
Appl. Physio/. 57,1613-1624. 

NOlTER, R. H., AND MORROW, P. E. (1975). Pulmonary 
surfactant: A surface chemistry viewpoint. Ann. Bio­
med. Eng. 3, 119-159. 

PEPELKO, W. E., MATLOX, J. E., YANG, Y. Y., AND 
MOORE, W. (1980). Pulmonary function and pathol­
ogy in cats exposed 28 days to diesel exhaust. J. Envi­
ron. Pathol. Toxicol. 4,449-458. 

REISER, K. M., AND LAST, J. A. (1986). Early cellular 
events in pulmonary fibrosis. Exp. Lung Res. 10, 331­
335. 

ROCKLIN, R. E. (1974). Products of activated lympho­
cytes. Leukocyte inhibitory factor (LlF) distinct from 
migration inhibitory factor (MIF). 1. Immunol. 112, 
1461-1466. 



384 P. E. MORROW 

SHAMI, S. G., SILBAUGH, S. A., HABIN, F. F., GRIFFETH, 
W. C., AND HOBBS, C H. (1984). Cytokinetic and 
morphologic changes in the lungs and lung-associated 
lymph nodes ofrats after inhalation of fly ash. Environ. 
Res. 35,373-393. 

SILVERSTEIN, S. C, STEINMAN, R. M., AND COHN, Z. 
A. (1977). Endocytosis Annu. Rev. Biochem. 46, 669­
722. 

SNIPES, M. ~., AND CLEM, M. F. (1981). Retention of 
microsph~res in rat lung after intratracheal instaIla­
tion. Environ. Res. 24,33-41. 

STOBER, W. (1972). Dynamic shape factors ofnonspher­
lcal aerosol !'articles. In Assessment ofAirborne Parti­
cles (T. T. Mercer, P. E. Morrow, and W. Stober, Eds.), 
pp. 249-289. Thomas, Springfield, IL. 

STOBER, W., EINBRODT, H. J., AND KOSTERKOTTER, W. 
(1967). Quantitative studies of dust retention animal 
and human lungs after chronic inhalation. In Inhaled 
Particles II (C N. Davies, Ed.), pp. 409-4117. Perga­
mon, London. 

STROM, K. A. (1984). Response of pulmonary cellular 
defenses to the inhalation of high concentrations of 
diesel exhaust. J. Toxicol. Environ. Health 13, 919­
944. 

STROM, K. A., AND CHAN, T. L. (1984). Modeling Diesel 
Particulate Retention in the Rat Lung. American In­
dustrial Hygiene Annual Meeting, May 22, Detroit, 
MI/GM Research Publication GMR-4735. 

STROM, K. A., AND GARG, B. D. (1985). Retention and 
clearance of diesel particulate from the lungs of rats. 
Toxicologist 5, 716. 

TROTTER, 	 J. A. (1981). The organization of actin in 
spreading macrophages. Exp. Cell Res. 132,235-248. 

VINCENT, J. H., JOHNSTON, A. M., JONES, A. D.,Bol.,. , 
TON, R. E., AND ADDISON, J. (1985). Kinetics ofdepo. 
sition and clearance of inhaled mineral dusts dUring 
chronic exposure. Brit. J. Ind. Med. 42, 707-715. 

VOSTAL, J. J. (1986). Factors Limiting the Evidence for 
Chemical Carcinogenicity of Diesel EmiSSions i" 
Long-Term Inhalation Experiments. Satellite sympO.. " 
sium on Toxicological Effects of Emissions from Die•. 
sel Enzymes. IVth International Congress of ToxiCOI. ' 
ogy. Tsukuba Science City, Japan. July 26-28. 

WARR, G. A., AND MARTIN, R. R. (1973). In vitro mi. 
gration ofhuman alveolar macrophages: effects ofcig­
arette smoking. In/ect. Immun. 8,222-227. 

WEHNER, A. P., DAGLE, G. E., AND CLARK, M. L. 
(1983). Lung changes in rats inhaling volcanic ash for 
one year. Amer. Rev. Respir. Dis. 128,926-932. 

WHITE, H. J., AND BHAGWAN, D. G. (1981). Early 
monary response ofthe rat lung to inhalation of high 
concentration of diesel particles. J. Appl. Toxicol. I, 
104-110. . 

WOLFF, R. K., HENDERSON, R. F., SNIPES, M. 
MAUDERLY, J. L. CUDDIHY, R. G., AND "".'--'...tL-.... C!;;;t 

LAN, R. O. (1987). Alterations in particle accumula­
tion and clearance in lungs of rats chronically 
to diesel exhaust. Fundam. App!. Toxico!. 9, 154­

WOLFF, R. K., HENDERSON, R. F., SNIPES, M. B., 
MAUDERLY, J. L., AND McCLELLAN, R. O. (1985). " 
Particle Clearance and Accumulated Lung Burdens 
Rats, p. 9 P II. Amer. Assoc. for Aerosol Research. , ' 
stracts ofAnnual Meeting, Albuquerque, NM.dt 

Yu, C P., AND MORROW, P. E. (1987). A Non.linear~C;! 
Model ofParticle Retention in the Lung. American Arr-.~ . 
sociation of Aerosol Research, Seattle, WA, Sept. 14-;~ 
17. 11 

l' 
l
J 
i' 
"ff<;; 

f 
'~:) 

,f 



