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Studies into the effects of ultrafine particles in the lung have
shown adverse effects considered to be due in part to the particle
size. Air pollution particles (PM,,) are associated with exacerba-
tions of respiratory disease and deaths from cardiovascular causes
in epidemiological studies and the ultrafine fraction of PM,, has
been hypothesized to play an important role. The aim of the
present study was to investigate proinflammatory responses to
various sizes of polystyrene particles as a simple model of particles
of varying size including ultrafine. In the animal model, we dem-
onstrated that there was a significantly greater neutrophil influx
into the rat lung after instillation of 64-nm polystyrene particles
compared with 202- and 535-nm particles and this was mirrored in
other parameters of lung inflammation, such as increased protein
and lactate dehydrogenase in bronchoalveolar lavage. When sur-
face area instilled was plotted against inflammation, these two
variables were directly proportional and the line passed through
zero. This suggests that surface area drives inflammation in the
short term and that ultrafine particles cause a greater inflamma-
tory response because of the greater surface area they possess. In
vitro, we measured the changes in intracellular calcium concen-
tration in mono mac 6 cells in view of the potential role of calcium
as a signaling molecule. Calcium changes after particle exposure
may be important in leading to proinflammatory gene expression
such as chemokines. We demonstrated that only ultrafine polysty-
rene particles induced a significant increase in cytosolic calcium
ion concentration. Experiments using dichlorofluorescin diacetate
demonstrated greater oxidant activity of the ultrafine particles,
which may explain their activity in these assays. There were
significant increases in IL-8 gene expression in A549 epithelial
cells after treatment with the ultrafine particles but not particles of
other sizes. These findings suggest that ultrafine particles com-
posed of low-toxicity material such as polystyrene have proinflam-
matory activity as a consequence of their large surface area. This
supports a role for such particles in the adverse health effects of
PMy,.
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The effect of air pollution particles (P} on mortality and
morbidity are well documented and include exacerbations c
airways disease and deaths from cardiorespiratory caus
(Dockery and Pope, 1994). BMconsists of a range of com-
ponents, many of which have been implicated in adverse heal
effects. Candidates include ultrafine particles (MacNee ar
Donaldson, 1999), endotoxin (Nirgt al, 2000), and metals
(Gilmour et al, 2000). In long-term, high-dose inhalation
studies, ultrafine particles of various types have been shown
cause lung inflammation, increased chemokine expression, ¢
ithelial cell hyperplasia, pulmonary fibrosis, and lung tumor:
(Ferinet al.,1992; Oberdostest al.,1994; Nikulaet al.,1995;
Dasenbroclet al., 1996; Driscollet al., 1996). The effects of
the long-term studies have been considered to be a con:
guence of lung overload (Mauderly, 1996). In the short-term
low- exposure studies with ultrafine carbon black (UfCB)
produces mild inflammation compared to fine carbon blac
(CB), oxidant stress, and modulation of the coagulation syste
in normal rats (Liet al., 1999).

One important question regarding the mechanism of lun
injury caused by ultrafine particles is whether ultrafine particle
merely provide a large surface area for the release of transitic
metals. Transition metals, as mentioned previously, provide
potential mechanism for the effect of RMand have been
found to explain the inflammatory effects of residual oil fly ast
(Dreheret al., 1997) and Provo PM (Kennedyet al., 1998).
With respect to ultrafine particles we have shown that neithe
soluble extracts of UfCB nor UfCB particles treated with iron
chelators are inflammogenic when instilled into the lungs o
rats (Brownet al., 2000) and UfCB, while highly inflammo-
genic, has a very low transition metal content. We hypothesiz
that, in the absence of a transition metal effect, inflammatio
produced in the lungs of UfCB-instilled rats is due to eithel
surface area or particle number effects. Increased oxidati
activity of the large surface area is a likely factor and, in the
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present study, polystyrene particles of different diameters wexscious within minutes of the instillation procedure and suffered no il
investigated for inflammogenicityn vitro and in vivo and effects. Animals were euthanized after 24 h.

oxidant activity. Polystyrene particles are not complicated be}f
transition metals nor do they have the complexity of minerals,
being composed of a polymer. Rats were killed by single ip injection of pentobarbitone; the lungs were

Thein vivomodel used here served to illustrate the differencé%””?"ated and removed and lavaged witki & ml volumes of sterile saline.
The first lavage was placed in a separate tube for LDH and protein estimatior

in Inflammatpw potential of the dlﬁerent'S|Z_Ed polystyrene par-ul"ubes were centrifuged at 99dor 5 min at 4°C and the supernatant was
cles. Thein vitro model has been used previously to demonstrat@noved; the cell pellet from the first lavage was combined with the cells fror
a greater effect of UfCB than CB on the cytosolic calcium iothe same lavage and resuspended in 1 ml PBS, pH 7.2. Total cells we
concentration of macrophages (Statel., 2000). Activation of counted, and gytoceptrifuge smears, which were stained with Diffquick, wer
the proinflammatory transcription factor NB is regulated via a prepared for dlﬁerentlal cell counts (Raymond A. Lamb, London, U.K.). Three
number of second messengers includin@*({@olmetschet al. hundred cells per sIlde were counted and the results were expressed as the t
- . ! . ' number of neutrophils in the lung lavage.
1998). On stimulation of the cell, €ais released from the
endoplasmic reticulum stores, which leads to a calcium ion inflgxotein Assay

across th,e plasma membr ane V_Ia calcium channels (Hlb)é&l This assay is based on the Bradford assay that relies on the change in absorb:s
1998). Different pathogenic particles have been reported to Capis& omassie blue G-250 upon binding of protein (Bradford, 1976). Bio-Rad stoc
changes in calcium ion flux within the cell (Faekal.,1994; Lim  reagent (Bio-Rad) was diluted 1/5 with distilled water and filtered. Two hundre
et al., 1997) and there may be a role for calcium homeostasisriftroliters of diluted reagent was pipetted into wells on a 96-well plate, witt

the proinflammatory effects of ultrafine particles. We have aldplicate groups per test and per sample. Five microliters of BAL sample wer
~ : 14+~ dhert added to the appropriate well, mixed, and incubated at room temperature
used here a cel-free assay system based on the 0deatloris‘arfnin before reading on a plate reader at 450 nm. Standards consisted of B

dichlorofluorescin diacetate (DCFDA) to a fluorescent produgjions ranging from 1 to 0.0625 mg/mi.
dichlorofluorescin. (DCF) (Robinsoet al., 1988) to test the
oxidative activity of the particle surface in the absence of cella.pH Assay

Fmal.ly’ the expression of the promflammatory Cyt,Okm,e In- This assay is based on the ability of damaged cells to release LDH (Hel
terleukin-8 (IL-8) has been shown to be induced in airWaysoret al, 1985) and was developed in-house from the Sigma protocol. Fift
epithelial cells with exposure to residual oil fly ash (ROFAicroliters of 0.75 mM aqueous sodium pyruvate (Sigma) solution containin
particles (Carteet al., 1997). Rapid induction of IL-8 mRNA NADH (Sigma) at a concentration of 1 mg/ml was pipetted into each well o
suggests that the biological effect is an initial acute |un;g96-well plat_e and incubateq a_t 37°C for 5 min. A series of standards Wel
inflammation. We tested the hypothesis that particle size plﬁgpared to give a range of dilutions representing 0—2000 units/LDH/mI. Fift

. . L. . . icroliters of pyruvate/NADH solution gave a concentration of 2000 LDH
a major role in the initiation of lung inflammation by measurgnits/mi. Ten microliters of test sample or appropriate standard was added

onchoalveolar Lavage

ing IL-8 mMRNA expression in A549 epithelial cells. each well in triplicate groups and thoroughly mixed. The plate was incubate
for exactly 30 min at 37°C. Fifty microliters of 2,4-dinitrophenylhydrazine (20
MATERIALS AND METHODS mg/dl) (Sigma) solution dissolvedhil M HCI was added to each well and

incubated at room temperature for 20 min. To develop the final colog| 50

4 M NaOH was added to each well and the plate was mixed and allowed

stand for 5 min. The plate was read at 540 nm on an automatic plate read
Polystyrene microspheres were purchased from Polysciences (Park Scien-

tific, Northampton, U.K.) in three sizes: 64, 202, and 535 nm average diamet@glcium Measurements

Microspheres were suspended at a concentration of 1 mg/ml in saline. In terms . . .

of particle number, 1 mg contained 6.9510%2, 2.21x 10, and 1.19x 10%° M(_)no Mgc 6 (MMG)_ c_eIIs were groyvn in continuous culture in RPMI

particles for 64, 202, and 535 nm, respectively. Five microliters of eaéﬂec"um (Sigma) cpntammg 1 m_M sot_j|um pyruvate,_l mM (_)x_a_loacetate, 5

suspension were pipetted on to the surface of 200-mesh size carbon_coé@/gwl.holotransfernn, nonessential amlno acidgllutamine, penlt:llll'n/strep'-

electron microscope (EM) grids (Agar Scientific). Grids were placed on fildpMycin. and 20% fetal calf serum (all Sigma). Cells were pooled into a singl

paper and allowed to dry at room temperature, after which they were examiﬁ%e and adjusted to 48 10° ce_:lls/ml. Ten milliliters qf this f:e“ suspension
by transmission electron microscopy (TEM). was added to 75-chflasks and incubated at 37°C until required for the assay

Cells were transferred to a universal tube, centrifuged agy 9602 min, the
medium was removed and cells were resuspended in 1 ml PBS and transfer
to an Eppendorf tube. The cells were centrifuged aglfé%2 min at 4°C, the
Female Sprague—Dawley rats approximately 4 months old and 300 g bd@yS was removed, and cells were resuspended in serum-free RPMI medi
weight were used throughout. Animals were anesthetized with halothane @odtaining 23 mM Hepes buffer. Cells were loaded withd/ul Fura 2-AM
cannulated using a laryngoscope to expose the trachea, anijl@51 mg of  (Sigma) in DMSO, 2ul/ml cell suspension and the tube was wrapped in foil
each particle suspension contained in 0.5 ml saline was instilled into the lungsd incubated in a shaking water bath for 20 min at 34°C. After incubation, th
A separate group of animals received 0.5 ml saline. Each experiment consistdze was centrifuged at 145or 2 min at 4°C and the medium was removed
of one rat for each treatment and experiments were repeated three times. &mé replaced with 1.5 ml fresh RPMI without serum.
separate experiment, we investigated the effect of instillation of a lysinatedThe Fura 2-AM-loaded cells were maintained in suspension in a quar
product ofN-acetyl cysteine, nacystelin (NAL), in combination with 64-nmcuvette using a magnetic stirrer. Fluorescence intensity was measured
polystyrene particles on polymorphonucleocyte (PMN) recruitment. Particlegcitation wavelengths of 340 and 380 nm and an emission wavelength of 5
were suspended at a concentration of 2 mg/ml in 10 mM NAL in saline. Fiven. Excitation and emission slit widths were set at 5 nm. During the exper
hundred microliters of this suspension were instilled into three rats. A separatents, the cuvette temperature was kept constant at 37°C. Basal fluoresce
triplicate group of rats received particles suspended in saline. All animals wevas measured for 500 s, after which 1@Dof the appropriate treatment in

Polystyrene Microsphere Characterization

Microsphere Instillation
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RPMI medium was added to the cuvette and the experiment was allowed to run
for a further 1500 s. Treatments consisted of 10@f a 1 mg/ml suspension

of each particle type or 10l of medium for the control. After the particle
treatment, 7.5l of 20 uM thapsigargin (Sigma) in DMSO was added to the
cuvette and the experiment was continued for a further 500 s. Twenty micro-
liters of 5% Triton X-100 solution was added to the cuvette to lyse the cells to
give the maximum fluorescencR () and the experiment was continued for
500 s. To give the minimum fluorescence val&g;(), 15 ul of 0.5 M EGTA

in 3 M Tris buffer was added to the cuvette. The experiment was terminated
after a further 500 s. The ratio of the fluorescence measurements at excitation
wavelengths of 340 and 380 nm was converted to calcium concentration values
using the method of Grynkiewiczt al. (1985).

Cell-Free Assay for Free Radical Generation by Particle Surfaces

Complete MM6 medium (1.99 mls) was mixed with &02 mM stock 27’
dichlorofluorescin diacetate (DCFH-DA) (Sigma)NiN dimethylformamide.
The tube was wrapped in foil and placed in a shaking water bath for 10 min at
37°C. After incubation, the medium was transferred to a quartz cuvette
containing a magnetic stirrer, placed in the fluorimeter with heated block, and
trace readings commenced. The excitation wavelength was set to 485 nm and
emission wavelength was set to 530 nm with slit widths of 10 nm. Data were
recorded at 1-s intervals over a 1000-s period. The base readings were
continued for 100 s, at which point particle samples (B®f a 2.5% particle
suspension) were added. Control traces consisting of 2 ml medium alone,
followed by addition of the appropriate particle suspension, were run to
account for background fluorescence. The control trace values were subtracted
from the corresponding particle traces containing DCFH-DA. A second series
of experiments included the antioxidant nacystelin at a concentration of 5 mM.

Cell Culture and RNA Extraction

A549 epithelial cells were grown in continuous culture in Minimal Essential
Medium (MEM) (Sigma) containing-glutamine, penicillin/streptomycin, and
10% fetal calf serum (Sigma). Cells were removed from culture by trypsiniza-
tion and plated into six-well plates in MEM 10% FCS at a concentration of
3.5 x 10° cells/ml (2.5 ml/well). The plates were incubated for 24 h at 37°C £ 1. Transmission electron micrographs showing polystyrene particle
in a humidified atmosphere of GQAfter this incubation period, the cells were of 64, 202, and 535 nm diameter.
confluent. The wells were washed twice with PBS (Ca/Mg free) and 1 ml
MEM + 10% FCS containing the particle treatments at 1 mg/ml was added to
the wells. Controls consisted of medium only or medium containing LPS at a
final concentration of Jug/ml. Plates were incubated for the required periodQuantification of RNA
ranging from 2 to 24 h.

The treated A549 monolayers were washed three times with PBS (Ca/h@gz:\é% V"\;;;?'giﬁﬁ?;;':g dsgsgitr; Zloaogigt:gzltlmatvgg ﬁ d0f28DOEnPn(1:_an d
free) and 60Qul Tri reagent (Sigma) was added to each well. The lysed cel b P y ’

: NA concentration was calculated from the absorbance at 260 nm. The RN
were scraped from the surface of the plate using a cell scraper and transferred . . .

o Wﬁ\s diluted to 0.03wg/ml with DEPC-treated water and used at this concen-
to Eppendorf tubes. Two hundred microliters of chloroform were added to eaehyi o1 for PCR
Eppendorf, vortexed for 15 s, and allowed to stand at room temperature for {ﬁg '
min. The resulting mixture was centrifuged at 12,§@6r 15 min at 4°C. The
colorless upper phase was transferred to fresh Eppendorfs angl 4&gpro- RT-PCR
panol_ was added and mixed. The samples were allowed to stand f°_r a furthefhis procedure was carried out using the Promega Access Kit. Briefly,
10 min at room temperature. Tubes were centrifuged at 18,800L0 min at
4°C, the supernatant was removed, and the RNA pellet was washed in 1
75% ethanol. Samples were vortexed briefly, centrifuged atg & min at
4°C and the RNA pellet was air dried for 10 min. The RNA was the
suspended in 501 DEPC-treated water and stored-a70°C until required for
quantification and RT-PCR.

master mix of the kit reagents was prepared according to the manufacture
iﬁ'%ltructions. Ten microliters of RNA at 0.Q8g/ml was added to 4@ of the
master mix containing 1Qu of the appropriate primer (GAPDH or IL-8).
Fubes were placed in a thermal cycler set to run for 25 cycles for the GAPDI
treatments or 30 cycles for the IL-8 treatments. The resulting products we
separated using a 0.5% agarose gel containing ethidium bromide and view
under UV light. Bands were quantified by densitometry, and IL-8 was ex
IL-8 Protein pressed as a percentage of the corresponding GAPDH band. These results v
then expressed as a percentage of the untreated control.

An ELISA duoset (R&D Systems, Minneapolis, MN) was used according to
the manufacturers instructions. Briefly, wells on a 96-well plate were coatggl;, Analysis
with capture antibody and supernatant was added. The IL-8 concentration was
quantified after incubation with detection antibody conjugated to horseradishData from all experiments were analyzed using analysis of variance with tt
peroxidase in comparison with a standard curve for IL-8. Tukey multiple comparison test.
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14.09 & 10.0 9 * %
Total cells 10,04 PMNinBAL 6.0 -
in BAL o (mean SEMx 105)
(mean SEM x 108) 8.0 1 4.0 N
6.0+ 2.0 I
125ug Q 1259
40 -1 0.0 : ; ._D__'
2.0 1 64 202 525
0.0 : Particle diameter (nm)
65 202 535 FIG.3. Mean and SEM total PMN in rat lung lavage 24 h after instillation
Partid e (nm) of 1 mg or 125ug polystyrene particles. *Significant difference from control

(p < 0.05). **Significant difference from controp(< 0.01).

FIG. 2. Mean and SEM total cells in rat lung lavage 24 h after instillation
of 1 mg or 125ug polystyrene particles. Open circle represents the control.
*Significant difference from controlp(< 0.05). When all of the PMN data in Fig. 3 were plotted against the
surface area of particles instilled in the 12§-or 1-mg dose,

a straight line relationship passing through zero was evide
(Fig. 4).

The lavage fluid from animals instilled with 1 mg particles
was retained to estimate the protein content and LDH activity
TEM images of the microspheres are illustrated in Fig. il'_here was a significantly greater incregse in BAL protein ir
The microspheres were virtually monodispersed by visual iH_gatments with the 6‘.1' and 5.35-nm parﬂclps:(O.QS) bgt not

a}h the 202-nm particles (Fig. 5). The LDH activity in BAL
0

RESULTS

Characterization of Microspheres

spection of micrographs and the average diameter closg\fI h d a signifi . | af
matched the sizes given by the supplier. No further charact8f"y Showed a signi icant increase over contro gter treatme
the rats with 64-nm particlesp(< 0.05) (Fig. 6) The

ization was carried out. . .

magnitude of the LDH effect suggested that cell death in th
ultrafine particle-treated rat lungs was about three times tt
control level.

Bronchoalveolar Lavage after Intratracheal Instillation of
Microspheres

At 125 pg of instilled particles there was no effect of any ofntracellular Ca®* Concentration in Particle-Treated MM6
the treatments on total cell influx into BAL (Fig. 2). However, Cells

the 1-mg instillation caused significant increases with the 202- _. . .
g g Figure 7 shows the effect of particles on the intracellula

and 64-nm particle sizes compared to the control. In additio% 24 tration in MM6 cells. The 64 el
all of the 1-mg particle treatments caused significant increas d concentration in cells. The ba-nm particles cause

in BAL PMN compared to the control. In contrast, none of the
125-ug treatments produced differences in BAL PMN number

o -
compared to the the control. = 10 : Dose
Instillation of ultrafine particles in combination with the < g Diameter (wn)l_12ug | 1mg }
nacystelin resulted in a significarp € 0.05) decrease in the LIE.I 2 35478 28
total number of PMN in the BAL (Table 1). %) 6 '
©
£
TABLE 1 : 4
Total Cells and Total Neutrophils in BAL from Rats Treated <€ 1 {
with Polystyrene Particles in Saline or Nacystelin cg 2 i
Total cellsx10°  Total neutrophils<10° ® é 0 . T T T 1
o
Particles (1 mg) 9.0 0.66 4.29+0.33 0 250 500 750 1000
Particles (1 mg)
+ Nacystelin (10 mM) 6.8 1.31 1.77+ 0.7 Surface area instilled (Crﬁ)

Note.Data are the mean total number SEM of cells per treatment with
three animals per treatment.

® Size of particles is 64 nm diameter. Significant differenpe<{ 0.05)
between groups.

FIG. 4. Mean PMN response to 64-, 202-, and 535-nm particles apdR5

and 1 mg, replotted as the instilled surface area dose. Inset table shows
actual values for the surface area instilled at the different doses of tt

different-sized particles.



PROINFLAMMATORY EFFECTS ON POLYSTYRENE PARTICLES 195
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E 025+ ] Thapsigargin +
o 600+
2 02? z
& ; 500+
0.05 g 4001 .
0 t y =
Control 64 202 525 300t
Particle Size (nm) 200+
FIG.5. Mean and SEM of total protein (mg/ml) in lung lavage of rats 24 h 100+
after instillation of 1 mg different-sized polystyrene particles. *Significant
difference from controlff < 0.05). 0 } $ 4

Control 64 nm 202 nm 535 nm

an increase in the intracellular €aconcentration from ap Particle Size
proximately 50 nM in control cells to approximately 300 nM, FIG. 7. Mean and SEM C& concentration in MM6 cells following
while the other sizes had no effect. This effect of 64-nreatmentwith particles in the presence or absence of thapsigargin. *Significa
particles was more evident after thapsigargin stimulation Whé'ﬁergnce from respective controp (< 0.05). Results from three separate
the intracellular C& concentration increased to more than 608 P"Me"s:
nM, which was significantly different from the control thapsi-
gargin induced Ca concentration ¢ 0.05).. The 'afger any particle treatments and the control (data not shown). IL-
particles produced effects that were not significantly different ” ™ )
from the control protein was not detectablé 2 h in supernatants from A549
' cells exposed to 64-nm particles, although4 h the levels

IL-8 Gene Expression and Protein in Particle-Treated A549Vere comparable to the control levels (Fig. 9). Both 202- an

Cells 535-nm particles stimulated an increase in in IL-8 protein b

A549 cells at both of the time points tested.
Treatment of control A549 cells with the LPS caused an

increase in IL-8 MRNA that just failed to attain statisticaFree Radical Activity of Microspheres
s!gn!f!cance, bUtTNFa (1 ng/_ml) treatment prpduced a highly Figure 10 illustrates the fluorescence intensity of DCF,
significant 2.4-fold increase in IL-8 mRNA (Fig. 8). Treatmen}neasure of reactive oxygen species, after particle treatment
of A549 cells with microspheres f& h resulted in modestly '

but significantly increased IL-8 mRNA with the 64-nm parti-
cles. There was no significant effect of the larger particles

compared to control. &4 h there was no difference between Lot *
120 L
W 2 Hours
80 = T 04 Hours
70 £ 80 .
— 60 E
g 50 [+ 0] 60 4 *
2 - *
- = .
3 % :
20
20 ﬂ ]
10 0 - T T T
0 } f : Control 64 202 535
Control 64 202 525 Particle {I'Im)

Particle Size (nm)
FIG. 8. Mean and SEM of IL-8 expression in A549 cells treated for 2 h

FIG. 6. Mean and SEM of LDH (units/ml) in lung lavage from rat lungswith polystyrene particles. IL-8 is expressed as a ratio of GAPDH and the
instilled with 1 mg polystyrene particles 24 h previously. *Significant differexpressed as a percentage of the control. *Significant difference from contr
ence p < 0.05) compared to control. (p < 0.05).
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** assay (Stonet al.,1998), and this is not mediated by transition
2501 metals (Brownet al., 2000). The purpose of the present study
240 was to investigate ultrafines further using particles made of &
2301 inert material—polystyrene—having different diameters dow:
220 to the ultrafine size range. Such particles are without compl
210 cations such as mineral habit or contaminating metals ar
present an opportunity to determine the role of particle size
_ 200+ . The study revealed that particles made of a low-toxicity ma
2 180+ terial, such as polystyrene, do have inflammogenic potenti
§ 1601 when they are in the ultrafine form. The exposure dose use
Q 1404 here was large compared to ultrafines in ambient air, but tt
i 120 adverse effects of ambient air particles are seen only in su
-g 100 - ceptible populations, whereas the model used here was r
8 80 susceptible. The present study was aimed at demonstrati
E. 60 | differences in potency between different-sized particles rath
W 40 than necessarily studying response to realistic doses, whi
3 20 would require models of susceptibility.
0 At an instilled dose of 125.g polystyrene beads, there was

no significant influx of PMN. At the 1 mg dose, the ultrafine
polystyrene produced increased PMN influx, but the other
Particle Treatment sized particles also caused some inflammation. This sugges!
FIG.9. Mean and SEM IL-8 protein release from A549 cells exposure fif1at there was not a clear cutoff at any particle size in terms ¢
polystyrene particles of various sizes. *Significant difference from contr@bility to cause inflmmation and suggested that another vai
(p < 0.05). **Significant difference from controlp(< 0.01). Data from able, such as surface area, might be driving the inflammatio
duplicate wells in three separate experiments. Only the 64-nm particles caused significant cell death as me
sured by LDH in the lavage. Increased protein levels in lavag
were found with 64- and 535-nm particles but not with 202-nn
the absence of cells. The ultrafine particles produced a dfpticles; we cannot explain this finding but the increases i
matic increase in fluorescence compared with 202- and 535-Btein that were seen were modest, being only twice th
particles p < 0.005), which were not significantly differentsqgntrol level.
from the control. In order to address the question of whether the ultrafin
polystyrene particles represented an extreme case of a lal
DISCUSSION surface area, we replotted the neutrophil response against
stilled dose expressed as surface area. This clearly showe
Increases in particulate air pollution have been linked witstraight line passing through zero. This is an important finding
increased morbidity and mortality (Bates, 1992; Schwartdemonstrating that the short-term PMN inflammatory respons
1994). For example, exacerbations of airways disease areiaghe rat responds to the metric of surface area. Importantly,
sociated with increased levels of RMDockeryet al., 1989;
Popeet al.,1991). In addition to the size range of the particles,
factors such as the chemical composition and the availability of o,
adsorbed carbon compounds and transition metals on the pafs
ticle surface may be important in causing lung inflammation £
(MacNee and Donaldson, 1999). We have demonstrated thag
thein vitro proinflammatory effects of P\ on epithelial cells 25
were diminished by chelating the transition metals (Jimeztez £ 20
al., 2000) and similar results have been produced in many otherg 15.

Control 64nm 202nm 535nm LPS TNFa

45
40
354
304

ens

nce

studies, e.g., using ROFA (Cartet al., 1997). 2 10.
Ultrafine particles comprise the dominant number of parti- § 5 |
cles in PM, and we have hypothesized that they play an i ¢
important role in mediating the adverse effects of piac -5~ 64 202 535
Nee and Donaldson, 1999). The role of reactive oxygen species
in promoting part of the cellular effects observed with ultrafine Latex particle size (nm)

pamCleS has be?n demonstrated by Steha_l' (200(_))_usmg FIG. 10. Mean and SEM fluorescence intensity of DCF after treatmen
UfCB. UfCB particles have greater free radical activity than @it 50 ul of each particle suspension. Data from of three separate experimer
similar mass of fine CB, demonstrated using a plasmid scissiotsignificant difference from control § < 0.001).
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suggests that the effects of ultrafine particles occur becausacrophages. Soluble extracts of the ultrafine (64 nm) particls
they deliver a large surface area dose to the lungs. had no effect on calcium ion homeostasis (data not showr
Particles below 100 nm have been shown to behave diffemce again demonstrating that transition metals were not r
ently from larger respirable particles for a number of materiagponsible for this effect of ultrafine polystyrene.
(MacNee and Donaldson, 1999). The retention of such parti-Transcription factor activation and expression of proinflam
cles in the lung may be a key event leading to their increasethtory genes are key events in the initiation of inflammatior
inflammogenicity. Rats exposed to equal masses of titaniland IL-8 is a potent neutrophil chemoattractant, which plays
dioxide in two aerosol size ranges retained more ultrafisggnificant role (Standiforcet al., 1990). We therefore used
particles in the lung interstitium and developed an increas@&49 epithelial cells to investigate the time-related expressio
inflammatory response (Feriet al., 1990, 1992). A similar of IL-8 after treatment with particles, using LPS and ThRs
mechanism may operate with the ultrafine polystyrene particlessitive controls; TNF« did cause significantly increased IL-8
tested here, but, at the short time points used, clearance welsase while LPS caused only modest, insignificant relea
unlikely to have played a role. compared to particle treatments. We demonstrated that only t
We also attempted to finih vitro correlates of thén vivo ultrafine polystyrene particles produced significantly more IL-¢
effects of the ultrafine particles. Macrophages were studigene expression than controls and that this was most pr
because of their important role in particle inflammation and onounced after a 2-h exposure. At 4 h there was still more IL-
previous unique finding that the macrophageé'Qasponse is expression compared to untreated cells, but this was reducec
especially sensitive to ultrafine particles (Stetal., 2000). In  comparison to the 2-h time point. These findings are in keepir
lung epithelial cells, UFCB but not CB particles interfere withwith previous work in which IL-8 expression was increased a
metabolic functions assessed by tetrazolium salt reduction 2igh in A549 cells exposed to ultrafine titanium dioxide (un-
an oxidative stress mechanism (Stoee al., 1998), and published data) and provides an explanation for the increas
changes in metabolic function may be linked to alterations inflammation seen with the ultrafine polystyrene particles.
calcium homeostasis within the cell (Hoyatlal, 1998). These  IL-8 protein production by A549 cells exposed to the poly-
effects have been investigated by Staeteal. (2000) using styrene particles was also assessed in this study. The A5
macrophage-like cells. UfCB was found to affect membrareells showed increased IL-8 release with the 202- and 535-n
calcium channels, resulting in influx of extracellular °Ca particles but no effect with the 64-nm particles. We have
following thapsigargin-mediated release of intracellulaf"Caencountered this phenomenon previously with ultrafine carbc
stores (Stoneet al., 2000). We used MM6 cells instead ofblack, where IL-8 release from celis vitro is actually inhib-
primary rat alveolar macrophages here for humane reasoitesd below the control levels with ultrafine treatment. We
However, in another published study, we have demonstrateelieve this to be an artifact af vitro exposure to the high
the same C34 effects in primary rat alveolar macrophages witlsurface area of ultrafine, possibly involving adsorption to th
ultrafine particles as we saw here in the MM6 cell line witlparticle surface or inhibition of secretion; this phenomenol
ultrafine polystyrene particles (Stoee¢ al., 2000). requires further investigation. With respect to the 202- an
The present study revealed that ultrafine polystyrene paii35-nm particles, the increased protein production was great
cles also stimulated the entry of extracellular calcium on tredhan can be explained by the mRNA levels, suggesting that tt
ment with thapsigargin. These rapid effects allow”C@m act particles influence posttranscriptional regulation of the IL-¢
as an effective intracellular signaling molecule. Transcriptiagene. Particle-induced chemokine release from epithelial cel
factor activation may be mediated in part by changes in calerves to recruit inflammatory cells and this may facilitate
cium ion homeostasis, leading to the expression of proinflartiearance of particles. In thia vitro system, the larger parti-
matory genes (Dolmetsoét al., 1998). Ultrafine polystyrene cles were able to produce an IL-8 signal that was not produce
thus joins asbestos (Faex al., 1994) and quartz (Tarnoadt by the ultrafine particles either due to protein absorption c
al., 1997) in a list of pathogenic particles that modulate intrgposttranslational regulation. Failure of this IL-8 sigimalivo
cellular calcium (Fawet al.,1994; Limet al.,1997) and these would hinder recruitment and the fact that we saw PMN
Ca" changes are very likely related to the oxidative stress thacruitment with the ultrafinesn vivo suggests that this is
the particles generate (Hoyat al, 1998; Stoneet al, 2000). indeed arin vitro artifact. However, there is substantial redun-
It is difficult to quantify the significance of the €achanges dancy in the proinflammatory response and so other mediatc
for the IL-8 response because the methodological constraintaild be responsible and the effects of ultrafines on IL-
prevented us from assessing the’Caesponse in epithelial production warrant further study.
cells. However, we intend to develop an assay to measufe Ca In controlin vitro experiments we noted that, in line with a
flux in epithelial cells that will allow us to relate any €a previous report on ROFA particles (Imrickt al, 1999), the
changes to the chemokine response. 64-nm particle could directly oxidize the oxidant-activated
We have previously demonstrated the UfCB has its ifluorophore DCFH-DA in a cell-free system. We confirmed
creased inflammatory effects via mechanisms other than trémat the 64-nm particles were active in generating oxidativ
sition metal (Brownet al., 2000). We therefore examined theactivity compared with the larger-sized particles, which wer:
role of soluble factors in the Ch effects of polystyrene in not. We have previously demonstrated (unpublished data) th
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ultrafine carbon and TiO2 particles and also gMhstilled into  Dockery, D. W., and Pope lil, C. A. (1994). Acute respiratory effects of
the lung in combination with the antioxidant thiol NAL, particulate air pollutionAnnu. Rev. Public Healtt5, 107-132.

showed a neutrophil response that was reduced to half that seeletsch, R. E., Xu, K., and Lewis, R. S. (1998). Calcium oscillations
in the absence of NAL. We hypothesize that the ultrafineincrease the efficiency and specificity of gene expressiature 392,

particles deposit on the epithelium, where their large surface o> 93¢

area causes oxidative stress by an unknown mechanism, wiiggfer. K- L, Jaskot, R. H., Lehmann, J. R., Richards, J. H., and McGee, J..
. . . 1997). Soluble transition metals mediate residual oil fly ash induced acu
then stimulates IL-8 gene expression. IL-8 secretion leads t ng injury. J. Toxicol. Environ. Healt’s0, 285-305.
nEUtrOPhll recrwtmept E,md the usual, mﬂammatory ConsB-iscoll, K. E., Carter, J. M., Howard, B. W., Hassenbein, D. G., Pepelko, W.
quenpes. The amelioration of the promﬂe}mmatory 'eﬁeCt Y Baggs, R. B., and Oberdorster, G. (1996). Pulmonary inflammatory, che
ultrafine polystyrene by NAL supports this contention. The mokine, and mutagenic responses in rats after subchronic inhalation
relative lack of inflammatory activity of 202- and 535-nm carbon-blackToxicol. Appl. Pharmacol136,372-380.
polystyrene can be directly linked to their lesser surface areaux, S. P., Michelangeli, F., and Levy, L. S. (1994). Calcium chelator quin-
and Subsequent lack of oxidative activity as measured by DCHprevents crocidolite-induced DNA strand breakage in human white bloo
fluorescence. The data presented here provide a clear hypotfells-Mutat. Res311,209-215.
esis for the acute proinflammatory effects of small polystyreffrerin, J., Oberdorster, G., and Penney, D. P. (1990). Increased pulmons
particles based on their large surface area and ability to caus?x'cgyAoér‘j)'tsrsf'ggigi‘rg‘gisééaPa“'c'e clearance, translocation, morphol
oxidative stress. _gy' ' ' ' _
This study using polystyrene as a model particulate providg&n: J., Oberdoster, G, and Penney, D. P. (1992). Pulmonary retention
. . . Itrafine and fine particles in ratdm. J. Respir. Cell Mol. Biob, 535-542.
a likely sequence for the increased inflammatory effects tha_tJ s B b M. Lindsay. T Boswick P. H. MacNee. W
we have reported for ultrafines (MacNee and Donaldsofimeur: P- S., Brown, D. M., Lindsay, T. G., Boswick, P. H., MacNee, W.,
) . L. . . and Donaldson, K. (1996). Adverse health effects of PM(10) particles
1999)- Ultrafine particulates are UbIQUIt(?US in ambient urbanInvolvement of iron in generation of hydroxylradic&ccup. Environ. Med.
air, although at levels that would result in much lower expo- 53, 817—822.
sures than were used 'in the present St'UdY- Howeyer1 the' S&Rfkiewicz, G., Poenie, M., and Tsien, R. Y. (1985). A new generation o
surface area mechanisms could be important in mediatinga" indicators with greatly improved fluorescent propertiesBiol. Chem.
adverse effects in susceptible populations whose lungs are in 260, 3440-3450.
hyperresponsive state, and further research is required to elemderson, R. F., Benson, J. M., Hahn, F. F., Hobbs, C. H., Jones, R. K
cidate this potential role. Other components of urban air, suctMauderly, J. L., McClellan, R. O., and Pickrell, J. A. (1985). New ap-
as endotoxin (Ningt al, 2000) and transition metals, (Jimenez proaches for the evaluation of pulmonary toxicity: Bronchoalveolar lavag
. . . . . . fluid analysis.Fundam. Appl. Toxicol5, 451—-458.
et al, 2000) could synergize with ultrafine particles in proin-

flammatory effects and this also warrants further investigatiofioY2 ¢- R., Giron-Calle, J., and Forman, H. J. (1998)., The alveolar macr
phage as a model of calcium signaling in oxidative stressToxicol.

Environ. Health B Crit. Revl, 117-134.
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