
Toxicology and Applied Pharmacology175,191–199 (2001)
doi:10.1006/taap.2001.9240, available online at http://www.idealibrary.com on
Size-Dependent Proinflammatory Effects of Ultrafine Polystyrene
Particles: A Role for Surface Area and Oxidative Stress

in the Enhanced Activity of Ultrafines

D. M. Brown,* M. R. Wilson,† W. MacNee,† V. Stone,* and K. Donaldson†

* School of Life Sciences, Napier University, 10 Colinton Road, Edinburgh EH10 5DT, Scotland; and† ELEGI/COLT Research Laboratories,
University of Edinburgh, Edinburgh, Scotland

Received October 23, 2000; accepted June 21, 2001; published online August 17, 2001
s of
auses

-
ealth
and

ls
on
wn to
n, ep-
ors

f
t onse-
q rm,
l B)
p lack
( stem
i

lung
i icles
m sition
m ide a
p n

ash

ither
ron
s of
-
size
tion

ther
ative
the
Size-Dependent Proinflammatory Effects of Ultrafine Polysty-
rene Particles: A Role for Surface Area and Oxidative Stress in the
Enhanced Activity of Ultrafines. Brown, D. M., Wilson, M. R.,
MacNee, W., Stone, V., and Donaldson, K. (2001). Toxicol. Appl.
Pharmacol. 175, 191–199.

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 (PM10) are associated with exacerba-
tions of respiratory disease and deaths from cardiovascular causes
in epidemiological studies and the ultrafine fraction of PM10 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
PM . © 2001 Academic Press
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The effect of air pollution particles (PM10) on mortality and
morbidity are well documented and include exacerbation
airways disease and deaths from cardiorespiratory c
(Dockery and Pope, 1994). PM10 consists of a range of com
ponents, many of which have been implicated in adverse h
effects. Candidates include ultrafine particles (MacNee
Donaldson, 1999), endotoxin (Ninget al., 2000), and meta
(Gilmour et al., 2000). In long-term, high-dose inhalati
studies, ultrafine particles of various types have been sho
cause lung inflammation, increased chemokine expressio
ithelial cell hyperplasia, pulmonary fibrosis, and lung tum
(Ferinet al.,1992; Oberdosteret al.,1994; Nikulaet al.,1995;
Dasenbrocket al., 1996; Driscollet al., 1996). The effects o
he long-term studies have been considered to be a c
uence of lung overload (Mauderly, 1996). In the short-te

ow- exposure studies with ultrafine carbon black (UfC
roduces mild inflammation compared to fine carbon b
CB), oxidant stress, and modulation of the coagulation sy
n normal rats (Liet al., 1999).

One important question regarding the mechanism of
njury caused by ultrafine particles is whether ultrafine part

erely provide a large surface area for the release of tran
etals. Transition metals, as mentioned previously, prov
otential mechanism for the effect of PM10 and have bee

found to explain the inflammatory effects of residual oil fly
(Dreheret al., 1997) and Provo PM10 (Kennedyet al., 1998).
With respect to ultrafine particles we have shown that ne
soluble extracts of UfCB nor UfCB particles treated with i
chelators are inflammogenic when instilled into the lung
rats (Brownet al., 2000) and UfCB, while highly inflammo
genic, has a very low transition metal content. We hypothe
that, in the absence of a transition metal effect, inflamma
produced in the lungs of UfCB-instilled rats is due to ei
surface area or particle number effects. Increased oxid
activity of the large surface area is a likely factor and, in
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192 BROWN ET AL.
present study, polystyrene particles of different diameters
investigated for inflammogenicityin vitro and in vivo and
oxidant activity. Polystyrene particles are not complicate
transition metals nor do they have the complexity of mine
being composed of a polymer.

The in vivomodel used here served to illustrate the differe
in inflammatory potential of the different-sized polystyrene p
cles. Thein vitro model has been used previously to demons
a greater effect of UfCB than CB on the cytosolic calcium
concentration of macrophages (Stoneet al.,2000). Activation o
he proinflammatory transcription factor NF-kB is regulated via
number of second messengers, including Ca21 (Dolmetschet al.,
1998). On stimulation of the cell, Ca21 is released from th
ndoplasmic reticulum stores, which leads to a calcium ion i
cross the plasma membrane via calcium channels (Hoyalet al.,
998). Different pathogenic particles have been reported to
hanges in calcium ion flux within the cell (Fauxet al.,1994; Lim
t al.,1997) and there may be a role for calcium homeosta

he proinflammatory effects of ultrafine particles. We have
sed here a cell-free assay system based on the oxidat
ichlorofluorescin diacetate (DCFDA) to a fluorescent pro
ichlorofluorescin. (DCF) (Robinsonet al., 1988) to test th
xidative activity of the particle surface in the absence of ce
Finally, the expression of the proinflammatory cytokine

erleukin-8 (IL-8) has been shown to be induced in air
pithelial cells with exposure to residual oil fly ash (ROF
articles (Carteret al.,1997). Rapid induction of IL-8 mRN
uggests that the biological effect is an initial acute
nflammation. We tested the hypothesis that particle size

major role in the initiation of lung inflammation by meas
ng IL-8 mRNA expression in A549 epithelial cells.

MATERIALS AND METHODS

Polystyrene Microsphere Characterization

Polystyrene microspheres were purchased from Polysciences (Park
tific, Northampton, U.K.) in three sizes: 64, 202, and 535 nm average diam
Microspheres were suspended at a concentration of 1 mg/ml in saline. In
of particle number, 1 mg contained 6.953 1012, 2.213 1011, and 1.193 1010

particles for 64, 202, and 535 nm, respectively. Five microliters of
suspension were pipetted on to the surface of 200-mesh size carbon
electron microscope (EM) grids (Agar Scientific). Grids were placed on
paper and allowed to dry at room temperature, after which they were exa
by transmission electron microscopy (TEM).

Microsphere Instillation

Female Sprague–Dawley rats approximately 4 months old and 300 g
weight were used throughout. Animals were anesthetized with halothan
cannulated using a laryngoscope to expose the trachea, and 125mg or 1 mg o

ach particle suspension contained in 0.5 ml saline was instilled into the
separate group of animals received 0.5 ml saline. Each experiment co

f one rat for each treatment and experiments were repeated three time
eparate experiment, we investigated the effect of instillation of a lysi
roduct ofN-acetyl cysteine, nacystelin (NAL), in combination with 64-
olystyrene particles on polymorphonucleocyte (PMN) recruitment. Par
ere suspended at a concentration of 2 mg/ml in 10 mM NAL in saline.
undred microliters of this suspension were instilled into three rats. A se

riplicate group of rats received particles suspended in saline. All animals
 we
re

y
s,

s
i-
te

x

se

in
o
of

ct

.
-
y
)

g
ys
-

ien-
er.
ms

h
ted
r
ed

dy
nd

gs.
ted
In a
d

s
e
te
re

onscious within minutes of the instillation procedure and suffered n
ffects. Animals were euthanized after 24 h.

ronchoalveolar Lavage

Rats were killed by single ip injection of pentobarbitone; the lungs
annulated and removed and lavaged with 43 8 ml volumes of sterile salin

The first lavage was placed in a separate tube for LDH and protein estim
Tubes were centrifuged at 900g for 5 min at 4°C and the supernatant w
removed; the cell pellet from the first lavage was combined with the cells
the same lavage and resuspended in 1 ml PBS, pH 7.2. Total cells
counted, and cytocentrifuge smears, which were stained with Diffquick,
prepared for differential cell counts (Raymond A. Lamb, London, U.K.). T
hundred cells per slide were counted and the results were expressed as
number of neutrophils in the lung lavage.

Protein Assay

This assay is based on the Bradford assay that relies on the change in abs
in Coomassie blue G-250 upon binding of protein (Bradford, 1976). Bio-Rad
reagent (Bio-Rad) was diluted 1/5 with distilled water and filtered. Two hun
microliters of diluted reagent was pipetted into wells on a 96-well plate,
triplicate groups per test and per sample. Five microliters of BAL sample
then added to the appropriate well, mixed, and incubated at room tempera
15 min before reading on a plate reader at 450 nm. Standards consisted
solutions ranging from 1 to 0.0625 mg/ml.

LDH Assay

This assay is based on the ability of damaged cells to release LDH
dersonet al., 1985) and was developed in-house from the Sigma protocol.
microliters of 0.75 mM aqueous sodium pyruvate (Sigma) solution conta
NADH (Sigma) at a concentration of 1 mg/ml was pipetted into each we
a 96-well plate and incubated at 37°C for 5 min. A series of standards
prepared to give a range of dilutions representing 0–2000 units/LDH/ml.
microliters of pyruvate/NADH solution gave a concentration of 2000 L
units/ml. Ten microliters of test sample or appropriate standard was ad
each well in triplicate groups and thoroughly mixed. The plate was incu
for exactly 30 min at 37°C. Fifty microliters of 2,4-dinitrophenylhydrazine
mg/dl) (Sigma) solution dissolved in 1 M HCl was added to each well a
incubated at room temperature for 20 min. To develop the final color, 50ml of

M NaOH was added to each well and the plate was mixed and allow
tand for 5 min. The plate was read at 540 nm on an automatic plate r

alcium Measurements

Mono Mac 6 (MM6) cells were grown in continuous culture in RP
edium (Sigma) containing 1 mM sodium pyruvate, 1 mM oxaloaceta

mg/ml holotransferrin, nonessential amino acids,L-glutamine, penicillin/strep
tomycin, and 20% fetal calf serum (all Sigma). Cells were pooled into a s
tube and adjusted to 4.53 105 cells/ml. Ten milliliters of this cell suspensi
was added to 75-cm2 flasks and incubated at 37°C until required for the as

ells were transferred to a universal tube, centrifuged at 900g for 2 min, the
edium was removed and cells were resuspended in 1 ml PBS and tran

o an Eppendorf tube. The cells were centrifuged at 145g for 2 min at 4°C, the
BS was removed, and cells were resuspended in serum-free RPMI m
ontaining 23 mM Hepes buffer. Cells were loaded with 1mg/ml Fura 2-AM
Sigma) in DMSO, 2ml/ml cell suspension and the tube was wrapped in

and incubated in a shaking water bath for 20 min at 34°C. After incubatio
tube was centrifuged at 145g for 2 min at 4°C and the medium was remo
and replaced with 1.5 ml fresh RPMI without serum.

The Fura 2-AM-loaded cells were maintained in suspension in a q
cuvette using a magnetic stirrer. Fluorescence intensity was measu
excitation wavelengths of 340 and 380 nm and an emission wavelength
nm. Excitation and emission slit widths were set at 5 nm. During the ex
ments, the cuvette temperature was kept constant at 37°C. Basal fluore
was measured for 500 s, after which 100ml of the appropriate treatment
 in
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193PROINFLAMMATORY EFFECTS ON POLYSTYRENE PARTICLES
RPMI medium was added to the cuvette and the experiment was allowed
for a further 1500 s. Treatments consisted of 100ml of a 1 mg/ml suspensio
of each particle type or 100ml of medium for the control. After the partic
treatment, 7.5ml of 20 mM thapsigargin (Sigma) in DMSO was added to
uvette and the experiment was continued for a further 500 s. Twenty m
iters of 5% Triton X-100 solution was added to the cuvette to lyse the ce
ive the maximum fluorescence (Rmax) and the experiment was continued
00 s. To give the minimum fluorescence value (Rmin), 15 ml of 0.5 M EGTA

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

Cell-Free Assay for Free Radical Generation by Particle Surfaces

Complete MM6 medium (1.99 mls) was mixed with 10ml 2 mM stock 2979
dichlorofluorescin diacetate (DCFH-DA) (Sigma) inN,N dimethylformamide
The tube was wrapped in foil and placed in a shaking water bath for 10 m
37°C. After incubation, the medium was transferred to a quartz cu
containing a magnetic stirrer, placed in the fluorimeter with heated block
trace readings commenced. The excitation wavelength was set to 485 n
emission wavelength was set to 530 nm with slit widths of 10 nm. Data
recorded at 1-s intervals over a 1000-s period. The base readings
continued for 100 s, at which point particle samples (50ml of a 2.5% particle
suspension) were added. Control traces consisting of 2 ml medium
followed by addition of the appropriate particle suspension, were ru
account for background fluorescence. The control trace values were sub
from the corresponding particle traces containing DCFH-DA. A second s
of experiments included the antioxidant nacystelin at a concentration of 5

Cell Culture and RNA Extraction

A549 epithelial cells were grown in continuous culture in Minimal Esse
Medium (MEM) (Sigma) containingL-glutamine, penicillin/streptomycin, a
10% fetal calf serum (Sigma). Cells were removed from culture by trypsi
tion and plated into six-well plates in MEM1 10% FCS at a concentration
3.5 3 106 cells/ml (2.5 ml/well). The plates were incubated for 24 h at 3
in a humidified atmosphere of CO2. After this incubation period, the cells we
onfluent. The wells were washed twice with PBS (Ca/Mg free) and
EM 1 10% FCS containing the particle treatments at 1 mg/ml was add

he wells. Controls consisted of medium only or medium containing LPS
nal concentration of 1mg/ml. Plates were incubated for the required per

ranging from 2 to 24 h.
The treated A549 monolayers were washed three times with PBS (C

free) and 600ml Tri reagent (Sigma) was added to each well. The lysed
were scraped from the surface of the plate using a cell scraper and tran
to Eppendorf tubes. Two hundred microliters of chloroform were added to
Eppendorf, vortexed for 15 s, and allowed to stand at room temperature
min. The resulting mixture was centrifuged at 12,000g for 15 min at 4°C. Th
colorless upper phase was transferred to fresh Eppendorfs and 450ml isopro-
panol was added and mixed. The samples were allowed to stand for a
10 min at room temperature. Tubes were centrifuged at 12,000g for 10 min a

°C, the supernatant was removed, and the RNA pellet was washed i
5% ethanol. Samples were vortexed briefly, centrifuged at 7500g for 5 min at
°C and the RNA pellet was air dried for 10 min. The RNA was t
uspended in 50ml DEPC-treated water and stored at270°C until required fo

quantification and RT–PCR.

IL-8 Protein

An ELISA duoset (R&D Systems, Minneapolis, MN) was used accordin
the manufacturers instructions. Briefly, wells on a 96-well plate were c
with capture antibody and supernatant was added. The IL-8 concentratio
quantified after incubation with detection antibody conjugated to horser
peroxidase in comparison with a standard curve for IL-8.
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Quantification of RNA

Two microliters of RNA suspension were diluted with 98ml of DEPC-
reated water and measured spectrophotometrically at 260 and 280 nm,
NA concentration was calculated from the absorbance at 260 nm. The
as diluted to 0.03mg/ml with DEPC-treated water and used at this con

tration for PCR.

RT–PCR

This procedure was carried out using the Promega Access Kit. Brie
master mix of the kit reagents was prepared according to the manufac
instructions. Ten microliters of RNA at 0.03mg/ml was added to 40ml of the

aster mix containing 10ml of the appropriate primer (GAPDH or IL-8
ubes were placed in a thermal cycler set to run for 25 cycles for the GA

reatments or 30 cycles for the IL-8 treatments. The resulting products
eparated using a 0.5% agarose gel containing ethidium bromide and
nder UV light. Bands were quantified by densitometry, and IL-8 was
ressed as a percentage of the corresponding GAPDH band. These resu

hen expressed as a percentage of the untreated control.

ata Analysis

Data from all experiments were analyzed using analysis of variance w
ukey multiple comparison test.

FIG. 1. Transmission electron micrographs showing polystyrene par
of 64, 202, and 535 nm diameter.
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194 BROWN ET AL.
RESULTS

Characterization of Microspheres

TEM images of the microspheres are illustrated in Fig
The microspheres were virtually monodispersed by visua
spection of micrographs and the average diameter cl
matched the sizes given by the supplier. No further chara
ization was carried out.

Bronchoalveolar Lavage after Intratracheal Instillation of
Microspheres

At 125 mg of instilled particles there was no effect of any
the treatments on total cell influx into BAL (Fig. 2). Howev
the 1-mg instillation caused significant increases with the
and 64-nm particle sizes compared to the control. In add
all of the 1-mg particle treatments caused significant incre
in BAL PMN compared to the control. In contrast, none of
125-mg treatments produced differences in BAL PMN num
compared to the the control.

Instillation of ultrafine particles in combination with t
nacystelin resulted in a significant (p , 0.05) decrease in th
otal number of PMN in the BAL (Table 1).

FIG. 2. Mean and SEM total cells in rat lung lavage 24 h after instilla
of 1 mg or 125mg polystyrene particles. Open circle represents the co
*Significant difference from control (p , 0.05).

TABLE 1
Total Cells and Total Neutrophils in BAL from Rats Treated

with Polystyrene Particles in Saline or Nacystelin

Total cells3106 Total neutrophils3106 a

Particles (1 mg) 9.06 0.66 4.296 0.33
Particles (1 mg)

1 Nacystelin (10 mM) 6.86 1.31 1.776 0.7

Note.Data are the mean total number6 SEM of cells per treatment wi
three animals per treatment.

a Size of particles is 64 nm diameter. Significant difference (p , 0.05)
between groups.
 d
.
-
ly
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When all of the PMN data in Fig. 3 were plotted against
surface area of particles instilled in the 125-mg or 1-mg dose
a straight line relationship passing through zero was ev
(Fig. 4).

The lavage fluid from animals instilled with 1 mg partic
was retained to estimate the protein content and LDH act
There was a significantly greater increase in BAL protei
treatments with the 64- and 535-nm particles (p , 0.05) but no
with the 202-nm particles (Fig. 5). The LDH activity in BA
only showed a significant increase over control after treat
of the rats with 64-nm particles (p , 0.05) (Fig. 6) The
magnitude of the LDH effect suggested that cell death in
ultrafine particle-treated rat lungs was about three time
control level.

Intracellular Ca21 Concentration in Particle-Treated MM6
Cells

Figure 7 shows the effect of particles on the intracell
Ca21 concentration in MM6 cells. The 64-nm particles cau

l.

FIG. 3. Mean and SEM total PMN in rat lung lavage 24 h after instilla
of 1 mg or 125mg polystyrene particles. *Significant difference from con
(p , 0.05). **Significant difference from control (p , 0.01).

FIG. 4. Mean PMN response to 64-, 202-, and 535-nm particles at 12mg
nd 1 mg, replotted as the instilled surface area dose. Inset table sho
ctual values for the surface area instilled at the different doses o
ifferent-sized particles.
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195PROINFLAMMATORY EFFECTS ON POLYSTYRENE PARTICLES
an increase in the intracellular Ca21 concentration from ap-
proximately 50 nM in control cells to approximately 300 n
while the other sizes had no effect. This effect of 64
particles was more evident after thapsigargin stimulation w
the intracellular Ca21 concentration increased to more than
nM, which was significantly different from the control thap
gargin-induced Ca21 concentration (p , 0.05). The large
particles produced effects that were not significantly diffe
from the control.

IL-8 Gene Expression and Protein in Particle-Treated A5
Cells

Treatment of control A549 cells with the LPS caused
increase in IL-8 mRNA that just failed to attain statist
significance, but TNF-a (1 ng/ml) treatment produced a high
ignificant 2.4-fold increase in IL-8 mRNA (Fig. 8). Treatm
f A549 cells with microspheres for 2 h resulted in modest

but significantly increased IL-8 mRNA with the 64-nm pa
cles. There was no significant effect of the larger part
compared to control. At 4 h there was no difference betwe

FIG. 5. Mean and SEM of total protein (mg/ml) in lung lavage of rats 2
after instillation of 1 mg different-sized polystyrene particles. *Signific
difference from control (p , 0.05).

FIG. 6. Mean and SEM of LDH (units/ml) in lung lavage from rat lun
instilled with 1 mg polystyrene particles 24 h previously. *Significant dif
ence (p , 0.05) compared to control.
n
0

t

n
l

t

s

any particle treatments and the control (data not shown).
protein was not detectable at 2 h in supernatants from A54
cells exposed to 64-nm particles, although by 4 h the level
were comparable to the control levels (Fig. 9). Both 202-
535-nm particles stimulated an increase in in IL-8 protein
A549 cells at both of the time points tested.

Free Radical Activity of Microspheres

Figure 10 illustrates the fluorescence intensity of DC
measure of reactive oxygen species, after particle treatm

t

FIG. 7. Mean and SEM Ca21 concentration in MM6 cells followin
reatment with particles in the presence or absence of thapsigargin. *Sign
ifference from respective control (p , 0.05). Results from three separ

experiments.

FIG. 8. Mean and SEM of IL-8 expression in A549 cells treated for
with polystyrene particles. IL-8 is expressed as a ratio of GAPDH and
expressed as a percentage of the control. *Significant difference from c
(p , 0.05).
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196 BROWN ET AL.
the absence of cells. The ultrafine particles produced a
matic increase in fluorescence compared with 202- and 53
particles (p , 0.005), which were not significantly differe
rom the control.

DISCUSSION

Increases in particulate air pollution have been linked
increased morbidity and mortality (Bates, 1992; Schw
1994). For example, exacerbations of airways disease a
sociated with increased levels of PM10 (Dockeryet al., 1989;
Popeet al.,1991). In addition to the size range of the partic
actors such as the chemical composition and the availabil
dsorbed carbon compounds and transition metals on th

icle surface may be important in causing lung inflamma
MacNee and Donaldson, 1999). We have demonstrated
he in vitro proinflammatory effects of PM10 on epithelial cell
were diminished by chelating the transition metals (Jimenet
al., 2000) and similar results have been produced in many
studies, e.g., using ROFA (Carteret al., 1997).

Ultrafine particles comprise the dominant number of p
cles in PM10 and we have hypothesized that they play
important role in mediating the adverse effects of PM10 (Mac-

ee and Donaldson, 1999). The role of reactive oxygen sp
n promoting part of the cellular effects observed with ultra
articles has been demonstrated by Stoneet al. (2000) using
fCB. UfCB particles have greater free radical activity tha
imilar mass of fine CB, demonstrated using a plasmid sci

FIG. 9. Mean and SEM IL-8 protein release from A549 cells exposu
polystyrene particles of various sizes. *Significant difference from co
(p , 0.05). **Significant difference from control (p , 0.01). Data from
duplicate wells in three separate experiments.
ra-
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ssay (Stoneet al.,1998), and this is not mediated by transit
metals (Brownet al., 2000). The purpose of the present st
was to investigate ultrafines further using particles made
inert material—polystyrene–having different diameters d
to the ultrafine size range. Such particles are without com
cations such as mineral habit or contaminating metals
present an opportunity to determine the role of particle
The study revealed that particles made of a low-toxicity
terial, such as polystyrene, do have inflammogenic pote
when they are in the ultrafine form. The exposure dose
here was large compared to ultrafines in ambient air, bu
adverse effects of ambient air particles are seen only in
ceptible populations, whereas the model used here wa
susceptible. The present study was aimed at demonst
differences in potency between different-sized particles r
than necessarily studying response to realistic doses, w
would require models of susceptibility.

At an instilled dose of 125mg polystyrene beads, there w
no significant influx of PMN. At the 1 mg dose, the ultrafi
polystyrene produced increased PMN influx, but the ot
sized particles also caused some inflammation. This sugg
that there was not a clear cutoff at any particle size in term
ability to cause inflmmation and suggested that another
able, such as surface area, might be driving the inflamma
Only the 64-nm particles caused significant cell death as
sured by LDH in the lavage. Increased protein levels in la
were found with 64- and 535-nm particles but not with 202
particles; we cannot explain this finding but the increase
protein that were seen were modest, being only twice
control level.

In order to address the question of whether the ultra
polystyrene particles represented an extreme case of a
surface area, we replotted the neutrophil response again
stilled dose expressed as surface area. This clearly sho
straight line passing through zero. This is an important find
demonstrating that the short-term PMN inflammatory resp
in the rat responds to the metric of surface area. Importan

FIG. 10. Mean and SEM fluorescence intensity of DCF after treatm
with 50ml of each particle suspension. Data from of three separate experi
***Significant difference from control (p , 0.001).
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suggests that the effects of ultrafine particles occur bec
they deliver a large surface area dose to the lungs.

Particles below 100 nm have been shown to behave d
ently from larger respirable particles for a number of mate
(MacNee and Donaldson, 1999). The retention of such p
cles in the lung may be a key event leading to their incre
inflammogenicity. Rats exposed to equal masses of tita
dioxide in two aerosol size ranges retained more ultra
particles in the lung interstitium and developed an incre
inflammatory response (Ferinet al., 1990, 1992). A simila
mechanism may operate with the ultrafine polystyrene par
tested here, but, at the short time points used, clearanc
unlikely to have played a role.

We also attempted to findin vitro correlates of thein vivo
effects of the ultrafine particles. Macrophages were stu
because of their important role in particle inflammation and
previous unique finding that the macrophage Ca21 response i
especially sensitive to ultrafine particles (Stoneet al., 2000). In
lung epithelial cells, UfCB but not CB particles interfere w
metabolic functions assessed by tetrazolium salt reductio
an oxidative stress mechanism (Stoneet al., 1998), and
changes in metabolic function may be linked to alteration
calcium homeostasis within the cell (Hoyalet al., 1998). Thes
effects have been investigated by Stoneet al. (2000) using
macrophage-like cells. UfCB was found to affect memb
calcium channels, resulting in influx of extracellular C21

following thapsigargin-mediated release of intracellular C21

stores (Stoneet al., 2000). We used MM6 cells instead
rimary rat alveolar macrophages here for humane rea
owever, in another published study, we have demonst

he same Ca21 effects in primary rat alveolar macrophages w
ltrafine particles as we saw here in the MM6 cell line w
ltrafine polystyrene particles (Stoneet al., 2000).
The present study revealed that ultrafine polystyrene p

cles also stimulated the entry of extracellular calcium on t
ment with thapsigargin. These rapid effects allow Ca21 to act
as an effective intracellular signaling molecule. Transcrip
factor activation may be mediated in part by changes in
cium ion homeostasis, leading to the expression of proinfl
matory genes (Dolmetschet al., 1998). Ultrafine polystyren
hus joins asbestos (Fauxet al., 1994) and quartz (Tarnocket
l., 1997) in a list of pathogenic particles that modulate in
ellular calcium (Fauxet al.,1994; Limet al.,1997) and thes
a21 changes are very likely related to the oxidative stress

the particles generate (Hoyalet al., 1998; Stoneet al., 2000)
It is difficult to quantify the significance of the Ca21 change

for the IL-8 response because the methodological const
prevented us from assessing the Ca21 response in epitheli
cells. However, we intend to develop an assay to measure21

flux in epithelial cells that will allow us to relate any Ca21

changes to the chemokine response.
We have previously demonstrated the UfCB has its

creased inflammatory effects via mechanisms other than
sition metal (Brownet al., 2000). We therefore examined t
role of soluble factors in the Ca21
 effects of polystyrene in
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macrophages. Soluble extracts of the ultrafine (64 nm) par
had no effect on calcium ion homeostasis (data not sho
once again demonstrating that transition metals were no
sponsible for this effect of ultrafine polystyrene.

Transcription factor activation and expression of proinfl
matory genes are key events in the initiation of inflamma
and IL-8 is a potent neutrophil chemoattractant, which pla
significant role (Standifordet al., 1990). We therefore use
A549 epithelial cells to investigate the time-related expres
of IL-8 after treatment with particles, using LPS and TNF-a as
positive controls; TNF-a did cause significantly increased IL
release while LPS caused only modest, insignificant re
compared to particle treatments. We demonstrated that on
ultrafine polystyrene particles produced significantly more
gene expression than controls and that this was most
nounced after a 2-h exposure. At 4 h there was still more
expression compared to untreated cells, but this was redu
comparison to the 2-h time point. These findings are in kee
with previous work in which IL-8 expression was increase
2 h in A549 cells exposed to ultrafine titanium dioxide (
published data) and provides an explanation for the incre
inflammation seen with the ultrafine polystyrene particles

IL-8 protein production by A549 cells exposed to the p
styrene particles was also assessed in this study. The
cells showed increased IL-8 release with the 202- and 53
particles but no effect with the 64-nm particles. We h
encountered this phenomenon previously with ultrafine ca
black, where IL-8 release from cellsin vitro is actually inhib
ited below the control levels with ultrafine treatment.
believe this to be an artifact ofin vitro exposure to the hig
surface area of ultrafine, possibly involving adsorption to
particle surface or inhibition of secretion; this phenome
requires further investigation. With respect to the 202-
535-nm particles, the increased protein production was gr
than can be explained by the mRNA levels, suggesting tha
particles influence posttranscriptional regulation of the
gene. Particle-induced chemokine release from epithelial
serves to recruit inflammatory cells and this may facili
clearance of particles. In thisin vitro system, the larger par
cles were able to produce an IL-8 signal that was not prod
by the ultrafine particles either due to protein absorptio
posttranslational regulation. Failure of this IL-8 signalin vivo
would hinder recruitment and the fact that we saw P
recruitment with the ultrafinesin vivo suggests that this
indeed anin vitro artifact. However, there is substantial red
dancy in the proinflammatory response and so other med
could be responsible and the effects of ultrafines on
production warrant further study.

In control in vitro experiments we noted that, in line with
previous report on ROFA particles (Imrichet al., 1999), the
64-nm particle could directly oxidize the oxidant-activa
fluorophore DCFH-DA in a cell-free system. We confirm
that the 64-nm particles were active in generating oxida
activity compared with the larger-sized particles, which w
not. We have previously demonstrated (unpublished data
) that
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ultrafine carbon and TiO2 particles and also PM10, instilled into
the lung in combination with the antioxidant thiol NA
showed a neutrophil response that was reduced to half tha
in the absence of NAL. We hypothesize that the ultra
particles deposit on the epithelium, where their large su
area causes oxidative stress by an unknown mechanism,
then stimulates IL-8 gene expression. IL-8 secretion lea
neutrophil recruitment and the usual inflammatory co
quences. The amelioration of the proinflammatory effec
ultrafine polystyrene by NAL supports this contention.
relative lack of inflammatory activity of 202- and 535-
polystyrene can be directly linked to their lesser surface
and subsequent lack of oxidative activity as measured by
fluorescence. The data presented here provide a clear h
esis for the acute proinflammatory effects of small polysty
particles based on their large surface area and ability to
oxidative stress.

This study using polystyrene as a model particulate prov
a likely sequence for the increased inflammatory effects
we have reported for ultrafines (MacNee and Donald
1999). Ultrafine particulates are ubiquitous in ambient u
air, although at levels that would result in much lower ex
sures than were used in the present study. However, the
surface area mechanisms could be important in medi
adverse effects in susceptible populations whose lungs ar
hyperresponsive state, and further research is required t
cidate this potential role. Other components of urban air,
as endotoxin (Ninget al., 2000) and transition metals, (Jimen

t al., 2000) could synergize with ultrafine particles in pro
ammatory effects and this also warrants further investiga
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