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' PAPER NUMBER- $3.1
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PARTICLES AMONG THE LUNG'S ALVEOLAR MACROPHAGES

DURING ALVEOLAR PHASE CLEARANCE

B.E. Lehnert_, J.B. Ortiz1, J.A. SteinkampI , G.L. Tietjen1, R.J. Sebring1, and G. Oberdorster2,
1LosAlamosNationalLaboratory,LosAlamos,NM, U.S.A.,

and2Universityof Rochester,Rochester,NY, U.S.A.

ABSTRACT
Evidence obtained followingthe intratrachealinstillationof polystyrenemicrosphereshas

suggested that relatively insolubleparticles are graduallyredistributedamong the lung's
populationof alveolarmacrophages(AM) duringalveolarphase clearance. In order to obtain
informationabout the particle redistributionphenomenonfollowingthe depositionof inhaled
particles, as well as to obtaininformationabout someof the mechanismsthat may be operable
in the redistributionof particles, lavaged lung free cell analysesand transmissionelectron
microscopic(TEM) analysesof lung tissue and were performedusing lungsfrom rats after they
were subchronicallyexposedto aerosolizedtitaniumdioxide (TiO2). Resultsfrom assessments
of particulateTiO2-AM relationshipsduringthe clearance of the particles were consistentwith
a gradualredistributionof the TiO2 among the lung'sAM. TEM analysesindicatedthatthe in situ
autolysis of particle-containingAM is one importantmechanisminvolvedin the redistribution
of particles. Evidencewas also obtainedthat indicatedthat the engulfmentof one particle-
containingphagocyteby anotherphagocytealsooccurs. Basedon the observationof mitotic
figures of particle-containingAM among lavaged lung free cells after particle depositionin the
lung, as well as other linesof evidencethat AM can replicate, anotherprominentmechanismof
the particle redistributionphenomenon may be the in situ proliferationof particle-I_den AM.
In anc,*,hercomponentof the study,accordingly,we usedthe macrophagecell lineJ774A.1 as a
surrogate for AM to investigatehow differentparticulateloads in macrophagesmay affect their
abilities to proliferate, and to quantitativelyexamine how particles are allocated from particle-
laden parent macrophagesto their progeny. These in vitro investigationsindicatedthat the
normal rate of proliferationof macrophagesis essentiallyunaffectedby the containmentof
relatively high particulateburdens. Additionally,evidencewas obtainedthat is consistentwith
the possibilitythat the allocationof particles to progenymacrophagesis an unevenprocess.
Overall, the resultsof our investigationssuggestthat the in situ autolysisof particle-
containing AM and the rephagocytosisof freed particlesbyotherphagocytes,the phagocytosisof
effete and disintegratingparticle-containingphagocytesby othe._ AM, and the in situ divisionof
particle-containing AM are likely mechanisms that underliethe post-depositional
redistributionof particles amongthe lung's AM duringalveolarphase clearance.

INTRODUCTION

Our previousinvestigationsof the particle redistributionphenomenonhave involved

analyses of particle-lavagedAM relationshipsduringthe alveolar clearance of intratracheally

instilledpolystyrenemicrospheres(LEHNERT et al, 1989; LEHNERT, 1990; LEHNERT et al,

1991; LEHNERT, 1991). In the current study, we set out to investigatethe particle

redistributionphenomenonfollowinga subchronicexposureof rats to aerosolizedtitanium



, dioxide (TiO2) by also examiningthe distributionsof theTiO2 amongAM lavagedduringits

alveolarphase clearance, and by performingtransmissionelectronmicroscopicanalysesof the

lungsof the TiO2-exposedanimalsin orderto obtainevidenceof the processesthat may underlie

the redistributionof particlesamong the lung'sAM in situ.

In a secondcomponentof our study,we performed in vitro analysesof how the

engulfmentof particles by macrophagesmay affect their abilitiesto replicate and how particles

may be allocatedto the progenyof proliferatingmacrophagesusinga macrophagecell line as a

surrogatefor AM inasmuchas the in situ proliferationof AM (e.g., TARLING and COGGLE, 1982;

SAWYER, 1986; EVANS, 1986; TARLING et al, 1987; SHELLITO et al, 1987) may be involved

in the dispersionof particlesamongthe lung'sAM over time.

METHODS

Particle-Alveolar Macrophag¢ Relationships During the Clearance of

inhaled Particulate Titanium Dioxide: Male, Fischer 344 rats (SPF, 240-260 g) were

exposed to aerosolizedtitaniumdioxide(TiO2, anatase, FischerScientific,Springfield,NJ) in a

300 L whole body chamber using horizontallaminarflow in conjunctionwith a Wright Dust

Feed generator(FERIN et al, 1991). The animalswere exposedto an averageconcentrationof

-23 mg/m3 of the TiO2 (MMAD:0.71 I_m,ag:l.9) for 6 hr per day, 5 days per week, for 12

weeks. A controlgroupof rats was exposedto filteredair only. One day after the lastday of

exposure,andas of 6 monthsand 1 year after cessationof the exposures,the lungsof sacrificed

animalswere either excisedand lavagedor fixed for lightand electronmicroscopicanalyses

usingconventionaltissueprocessingtechniques. The lavageprotocolconsistedof 10 lung

washings,with 5 ml of roomtemperature,normalsaline being used for each lungwash cycle.

Lavagefluidsrecoveredfrom each animalwere pooledand subsequentlyanalyzed for cell

numbersand types The amountsof TiO2 present incentrifugedlavagedcell samplesand in

lavcged lung tissue were quantitatedby directcurrentplasmaatomicemissionspectroscopy

(FERIN et al, 1991).

Estimatesof the relativecellularburdensof TiO2 in individualAM were made using

cytocentrifugedslidepreparationsof lavagedcells andan imageanalysissystem(Dapple

Systems,Sunnyvale,CA). Randomlyselectedfieldsof cells were imagedon a Zeiss light

microscopeequippedwith a 40X planobjective. A B/W videoimageof the cells was transmitted

fromthe microscopeto the imageanalysissystemvia a CCD cameraattachedto the microscope;

finalmagnificationwas 1620X. The video imagewas digitizedto a computerimageconsistingof

64 gray levels at a resolutionof 256 X 256 pixels. A binary image representingthe TiO2 was

generated usinggray level thresholding(RUSS and RUSS, 1984). Each binaryimagewas edited

so the reference area, whichconsistedof the total digitizedfield that was precalibratedin _m2,



• includedonlyTiO2 associatedwithone cell. The estimateof theTiO2 inan AM wasmade by

determini_ the percentageof the total referencearea occupiedby the TiO2. Thisprocedurewas

repeateduntildata were obtainedfor 100 AM per lavage sample.

Particles and the Proliferation of Macrophages In Vitro: We used a mouse

macrophagecell line (J774A.1) as a surrogatefor AM in order: 1) to determinehow particles

engulfed by macrophagesmay affect their subsequentabilitiesto proliferate,and 2) to obtain

information as to how particles may be distributedfrom :'_rticle-containing,replicating

macrophagesto progenycells. The J774A.1 macrophageswere culturedin 35 mmdia. culture

plates using 10% fetal bovine serum in minimumessential medium (FBS-MEM). Monolayers

of the macrophageswere incubatedwith FBS-MEM that containedsterile,green fluorescent

polystyrene microspheres(--2.0 I_mdia.) at a concentrationof --1.6 X 108 particles/mL. One

hourthereafter, the cells were jetted off the plates usingcollagenase,andthe cells were

centrifugedand resuspendedin FBS-MEM at a concentrationof -1 X 106 cells/mL. Control

J774A.1 cells were incubatedwith FBS-MEM withoutparticles and likewiseprocessed. After

incubationwith particles,the macrophageswere analysedwith a flow cytometer. Groupsof

viable cells were arbitrarilysorted accordingto their relative particle loads, i.e., green

fluorescenceintensity,for subsequentculture. These groupsconsistedof macrophagesthat

contained a low burden of particles,a low-mediumburden of particles,a high-mediumburden

of particles,and a high burden of particles,Figure1. Other controlgroupsfor the

proliferationstudiesconsistedof macrophagesthat were not treated with particlesbut sorted by

the flow cytometer,and macrophagesthat were incubatedwith particlesbut not passedthrough

the flow cytometer;these latter cells, referred to hereafter as the "parent population', were

centrifugedthrougha cushionof serum in order to remove free particlesprior to subsequentin

vitro culture. Anothercontrol groupconsistedof macrophagesthat receivedno experimental

treatment prior to culture.

After sorting,the cells were centrifugedand resuspendedin FBS-MEM to a concentration

of 7.5 X 103 cells/mL. Two mLof these suspensionswere added to individualcultureplatesfor

the cell proliferationassays. Triplicateplateswere set up for each macrophagegroupfor

analysisat each post-sortingtime point. Cell proliferationwas measuredby

hemocytometricallycounting cells removedfrom the platesdaily over a 6 day period. Cell

cytocentrifugedslide preparationswere made from the platesat each timepoint. These samples

were used to visually count (fluorescence-lightmicroscopy)the numbersof microspheresin

the cells harvested from the plates (>300 cells analyzed/sample).

In attempts to "model" macrophage proliferation and particle allocations to progeny

cells, we used a pure birth model and an arbitrary number of "starting" macrophages (1,000).



• We assignedeach macrophagea particleburdenbasedon the frequencydistributionof particles

in the parentcell populationas determinedat timezero. Givena lagtime of ~24 hr and a

doubling time of ~15 hr (to be discussed),we took expected divisiontimes at 39 (24 +15),

54, 69, 99, and 114 hr and consideredthe possibilitythat allocationsto daughter cells may be

uneven. Thiswas modeledby consideringali the possibleways a cell can alk;,cateitsparticulate

burden to its nextgenerationprogenyandby assigninga probabilityto each _,fthese

possibilities. We nextcalculatedthe numberof cells containingeach particleburdenat each of

the 15 hr divisiontimes. With this model, the total numberof cells containing,say, 3 particles

at a given time is the number that results from divisionsof cells with 3 or more particlesin

the precedinggeneration.

RESULTS

Particle.Alveolar Macrophage Relationships During the Clearance of

Inhaled TiO2: For backgroundinformation,the post-exposurelung retentiondata for the

TiO2 and lavagedlungfree cell data (referencedto lungfree cell data obtainedfrom animals

exposed to filtered air only) are shownin Figure2A and Table 1, respectively. As indicatedin
Figure 2A, the long term retentionhalf-time (tl/2) of the TiO2 was ~ 174 days, and, as

suggestedby the resultsof our analysesof TiO2 in the lavagedsamples,Figure2B, mostof the

retained TiO2 was associatedwith the lung'sfree cell population. Thoughthe totalfree cell

numbersandAM numbersfromTiO2 exposedlungsappearedto be somewhatelevatedabove

control values as of one day and six monthsafter cessationof exposure,these lattercellular

parameters numericallyremained relativelyconstantover the course of the study. We note

here that such findingssuggestthat the rate of removalof AM from the lung duringAM-mediated

particleclearance(LEHNERTand MORROW, 1985) or otherprocesseswas balancedby a

comparable rate of AM replenishment.

The distributionsof TiO2 in AM lavagedoneday after the 12 week exposureto

aerosolized TiO2 and in AM harvestfrom groupsof rats sacrificedsix monthsand one year after

the exposureare summarizedin Figure3. lt shouldbe emphasizedthat the valuesexpressedas

_m2 in Figure3 are relative indiciesof the cellularburdensof TiO2 in the AM. The approach

used for obtainingthe particledistributiondata was selected primarilybecause of its

sensitivityto detect cellswith lesserburdensof particles;we made no attempt to estimatethe
absoluteamountsof TiO2 in the AM because of theproblemof the pilingof particlesin

cytocentrifugedcells. Regardless,nearly ali AM were foundto contain TiO2 on the day after

cessation of the exposure, i.e., less than ~2% contained no detectable particles, with the

majority of cells containing particles in the higher particle burden categories. At six months

and one year after exposure, less than ~11% of the lavaged AM remained particle free. The



majority of the AM harvested at these times were in the lower particle burden categories.

The transmission electron micrographs shown herein were obtained from the lungs of

rats sacrificed six months after exposure to the TiO2. Observed processes that likely underlie

the particle redistribution phenomenon include the in situ autolysis of AM and the uptake of

released particles by other AM and newly recruited polymorphonuclear leukocytes (PMN), and

the phagocytosis of particle-containing effete and degenerating phagocytes by other phagocytes,

Figures 4-6.

Particles and the Proliferation of Macrophages: Virtually ali of the J774A.1

cells sorted from the various particle burden categories illustrated in Figure 3 contained

microspheres, Table 2. As expected, the average number of microspheres initially contained in

each sorted fraction of macrophages, Table 2, increased with increasing green fluorescence

intensities, which in turn were attributable to the magnitudes of the particulate loads in the

cells. After an -24 hr lag period culture, untreated J774A.1 cells underwent exponential

growth for at least 5 days. The doubling time for the cells over this period of time was ~15 hr.

As illustrated in Figure 7, the proliferation kinetics of the various particle-containing

populations of macrophages were similar if not identical to the proliferation characteristics of

sorted macrophages that were not treated with particles. Thus, no evidence was found to indicate

that the rate of proliferation of macrophages was importantly altered by their containment of

the particles.

For the sake of brevity, only our analyses of the particle distributions in the "parent

population" of macrophages and their progeny after in vitro culture are summarized in this

report. The percentages of these ceils that contained no particles progressively increased as the

macrophages proliferated, while the percentages of the macrophages in the higher particle

burden categories gradually decreased over time, Figure 8. The results from our attempt to

model particle allocations to progeny cells during the proliferation of the macrophages are

compared to the actual observed particle distribution data in Figure 8. The results indicate that

the pure birth model with an uneven allocation of particles to progeny cells is approximately

correct; at least it preserves the shape and direction of the observed data histograms.

DISCUSSION

In previous studies involving analyses of particle-AM relationships following the

intratracheal instillation of polystyrene microspheres, we obtained evidence that suggested that

particles engulfed by AM shortly after being acutely deposited in the lung gradually become

dispersed or redistributed among the lung's population of AM (LEHNERT et al, 1989; LEHNERT,

1990; LEHNERT et al, 1991; LEHNERT, 1991). In the present study, we have obtained



• evidence from our present analysesof particle-AMrelationshipsthat the particle

redistributionphenomenonoccurs followingthe depositionof particles that are subchronically
inhaledas aerosol, and that it occurswith a another typeof particulatematerial, i.e., TiO2.

Specifically,we have foundthat only -10% of the lavaged AM remainedparticle-freeup to a

year after cessationof exposureto aerosolizedTiO2. Giventhe relativestabilityin the AM

populationsize and the lung retentionkineticsof the TiO2 observedin ourstudy, and assuming:

1) most of the particlesthat were removedfrom the lung duringthe one year post-depositional

period underwentAM-mediatedparticleclearance(LEHNERTand MORROW, 1985; LEHNERT et

al, 1989), 2) deposited particles were sequesteredin AM that originallyphagocytizedthem

with complete fidelity until the AM were removed from the lower respiratorytract via the
tracheobmnchioleroute, and 3) AM that were removed from the lungwere replaced by newly

arrived, particle-free mononuclearphagocytes, substantiallyhigher percentages of particle-

free AM wouldbe predicted(LEHNERT et al, 1991) at the six monthand one year post-

depositionaltime points, e.g., -53% and --72%, respectively. While our experimental results

could also be interpretedto reflect: 1) the gradualentry of macrophagescontaininglow burdens

of particles into the alveolar space compartment,such as interstitialmacrophages,and/or 2)

that more heavilyburdenedmacrophagestend to be removedfrom the lungvia mucociliary

transport, several lines of evidenceargue against these explanationsexclusively. With regard

to the first interp(etation,comparisonsof the amountsof TiO2 in the lavagedcells relativeto

the total retainedlung burdensof TiO2 revealedthat mostof the retainedparticleswere in the

alveolarspace compartment. Alongthe same line, in otheranalysesnotdetailedherein,we
foundthat even after a year followingexposureto the TiO2, only -300 I_gof the lungburden

depositedduringthe 12 week exposureperiodwas translocatedto the regionalhilar lymph
nodes. Thus, it wouldappear that relativelylittleTiO2 ultimatelygained access to the lung's

interstitiumwhere it could be phagocytizedby interstitialmacrophages. Moreover, our

ultrastructuralanalyses of the TiO2-exposedlungs have so far indicatedthat relatively littleof

the retained TiO2 was in the lung'spopulationof interstitialmacrophages,at least those in the

alveolar region. With regard to the secondalternative interpretation,existingevidence is
inconsistentwith the notionthat AM with higherburdensof particles are more readily removed

from the alveoli than are their lesser burdenedcounterparts(LEHNERT et al, 1990b).

Contrarily,the rate of alveolar removal of AM with high particulate loads is diminished

(MORROW, 1988; OBERDORSTER et al, 1988; LEHNERT, 1990)•

The mechanismsresponsiblefor the particle redistributionphenomenonare potentially

numerous, in agreement with earlier findingsreporled by Heppleston(1961) and Heppleston

and Young (1974), our electronmicroscopicanalysesof the TiO2 exposedlungshave indicated

that one important mechanisminvolvedin the overall process is the in situ disintegrationof
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particle-containingmacrophagesand the rephagocytosisof releasedparticlesby otherAM and

PMN. Additionally,we have found evidencethat anothercomponentof the redistributionof

particles is the phagocytosisof effete particle-containingcells by other AM. While we

previouslypresentedevidencethat AM can ingestparticle-containingPMN duringan acute free

cell responseto particle deposition in the lung (LEHNERT et al, 1985), our current

investigationextendsthis observationby revealingthat the phagocytosisof one particle-

containingphagocyteby anotheralveolarphagocytecan be an ongoingprocessduringalveolar

phaseclearance.

Another mechanismthat may be involvedin the particle redistributionphenomenonis

the intra-alveolar replicationof particle containingAM. lt is now widely recognizedthat the

cell divisionof AM plays a role in maintainingthe size of the lung'sAM population(e.g.,
TARLING and COGGLE, 1982; EVANS,1986; SAWYER, 1986;TARLINGet al, 1987; SHELLITOet

al, 1987). While we did not directly examine the role AM proliferationmay play in gradually

dispersingparticlesamong the lung'sAM over time in the presentstudy,we did attemptto

investigatesucha processusinga macrophagecell lineas a surrogatefor AM. If AM

qualitativelybehave in situ as do the J774A.1 macrophagesin vitro, our findingssuggestthat

the replicationof AM would not be importantlydisturbedby their containmentof relatively

high burdensof particles. Additionally,our initialattempts to model macrophageproliferation

concurrentlywith how particlesare allocatedto progenycells suggeststhat the allocationof

particles from replicatingmacrophagesto daughtercells may be done unevenly. Factorsthat

may have contributedto the disparitiesbetweenthe observedand "modeled"distributionsof

particlesin the macrophages,e.g., cell death, particleexocytosisand rephagocytosis,and,

perhaps, the fusion of particle-containingphagosomes,are currentlyundergoingfurther study.

Regardless,the bir!hingmodel coupled to an unevenallocationof particlesto progenycells more

closely tracts the actual experimentaldata than does the birthingmodel with the impositionthat

the particles are evenly allocated to daughtercells (LEHNERT et al, 1990a). We presently

speculatethat suchinformationwill take on added importanceas we further developa model

(LEHNERT et al, 1991) of particle-A'vlrelationshipsduring alveolar clearance.

Finally,some brief mentionshouldbe made aboutthe possible significancethe particle

redistributionphenomenonmay have in the contextof particle-inducedlung diseases. If the

overall process involvesthe release of free particlesfrom phagocytesthat have previously

engulfed them, as our findingsindicate,such free particleswouldagain have the opportunityto

interact with cells lining the alveolar epithelialsurface (at times well after the particles were

initiallydeposited)before being rephagocytizedby other AM or newly recruitedPMN. The

magnitudeof this effect wouldbe expectedto increasewith increasingparticle cytotoxicity.

Additionally,free particles, however temporarilypresenty, would again be afforded the



opportunity to gain access to the lung's interstitium via Type I cell transepithelial transport.

The rephagocytosis of freed particles by other lung phagocytes at times well after their initial

deposition in the lung would also be expected to have some potentially detrimental consequences,

including the intra-alveolar elaboration of mediators of inflammation, e.g., reactive oxygen

species, proteases, some cytokines, prostaglandins and leukotrienes, by the phagocytizing cells.

The role the particle redistribution phenomenon may have on the lung retention of particles

remains a problematic area in need of further study, as discussed elsewhere (LEHNERT, 1990).
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' FIGURE LEGENDS

Figure 1: Electronicvolume, axial light loss, 90° light scatter, and green fluorescence

histogramsobtainedwith the J774A.1 macrophagesafter incubationwith the fluorescent

microspheres. Red fluorescencesignalsdue to propidiumiodide(PI)-Iabelingof dead cells are

not shown. Sorts of the cells were performedby sortingali PI-negativecells that had

electronicvolumes exceedingchannel25 for this parameter in conjunctionwith the indicated

green fluorescencewindowranges for the variousparticleburdencategories. Only electronic

volumewas used to sort cells that were not incubatedwiththe microspheres;in this case, ali

Pi-negative events with electronicvolumesignalsabove channel25 were sorted.

Figures2A and 2B: 2A) Lungaccumulationof TiO2 duringthe 12 week exposureperiodandthe

lung retentionof the TiO2 over a 1 year period after cessationof exposure. 2B) The amountof

TiO2 that was associatedwithcentrifuged,lavagedcells duringthe 12 week exposureperiod and

duringthe alveolarclearanceof TiO2 aftercessationof the aerosolexposures.

Figure 3: Relative burdens of TiO2 in AM harvested one day, 6 months, and 1 year after

cessation of the TiO2 exposures. These data were obtained from cells lavaged from 3-4 rats per

time point. Values for the standard errors of the means (not shown) were always less than 2%.

Figure 4: Transmissionelectronmicrographshowinga TiO2-containingAM (*) which appears

to be in an early stage of phagocytizingfree particles (larger solid arrow) , a disintegratingAM
(AMD), free particles released from the disintegratingAM (longer, thin arrows),an AM

(larger open arrow) that is apparentlyin the processof engulfingthe disintegratingAM, and a
type I epithelial cell that has internalizedTiO2 (TI, small arrow).

Figure 5: A particle-containingAM (AM) that has engulfed another cell (EC) that evidently had

previouslyphagocytizedTiO2.

Figure 6: A group of polymorphonuclearleukocytes(*) that are in the processof phagocytizing

free particles released from another disintegratingcell (DC).

Figure 7: In vitro proliferation of the various J774A.1 macrophage populations.

]!



. Figure 8: The observed frequencydistributionsof particlesin the J774A.1 cells and the

frequency distributionsof particles in the cells when calculated from the starting distribution

of particles in the parent populationusing a simplebirthingmodel and allowingthe particlesto

distribute unevenly from relicatingcells to progeny cells.
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Table 1: Lavaged Lung Free Cell Numbers, the Percentages

of AM Among the Lavaged Cell Populations, and the Average

Numbers of AM Lavaged After Air or TIO 2 Exposure.

(Group) [Post- Total Number of Cells % Alveolar Average Number of

Exposure Time]" Harvested (X10"7). Macroohaoes Alveolar Macrophaoes (X 10"7_.

(Cont)[1 day] 1.18 + 0.06 99.2 + 0.18 1.17

(TiO2)[1 day] 1,44 + 0.05 96.8 4- 0.8 1.39

(Cont)[6 mths] 1,19 + 0.04 99.0 +__0.1 1.18

(TIO2)[6 mths] 1.34 +_0.24 97.9 _+ 0.3 1.31

(Cont)[1 yr] 1.55 + 0.10 99.0 +_ 0.1 1.53

(TiO2)[1 yr] 1.34 _+ 0.10 98.0 + 0.1 1.31

": (Cont): control, air exposed rats; (TiO2): TiO2 exposed rats; [1 day]: killed one day after

cessation of the 12 week exposures to air or TiO2; [6 mths]: killed six months after cessation of

exposures to air or TiO2; [1 yr]: killed one year after cessation of exposures to air or TiO2.

Unless otherwise indicated, the above data represent the means and standard error of the means

of values obtained from 8 rats per group at each time point.
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Table 2: Particle Burdens in Sorted Macrophages

% Phagocytic Ave. No. Particles/
Cells Phagocytic Cell

Low Burden 91.1 5.2

Low-Medium
Burden 98.0 13.8

High-Medium
Burdan 98.7 21.9

High Burden 98.7 24.1

Parent
Population 97.0 18.2
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