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Abstract

Background: This study was performed within the scope of two multi-center European Commission-funded
projects (HEPMEAP and PAMCHAR) concerning source-composition-toxicity relationship for particulate matter
(PM) sampled in Europe. The present study aimed to optimize the design for PM in vivo toxicity screening studies
in terms of dose and time between a single exposure and the determination of the biological responses in a rat
model mimicking human disease resulting in susceptibility to ambient PM. Dust in thoracic PM size-range
(aerodynamic diameter <10 pum) was sampled nearby a road tunnel (RTD) using a high volume cascade impactor-.
Spontaneously hypertensive rats were exposed to urban dust collected in Ottawa, Canada (EHC-93 10 mg/kg of
body weight; reference PM) or different RTD doses (0.3, I, 3, 10 mg/kg of body weight) by intratracheal
instillation. Necropsy was performed at 4, 24, or 48 hr after exposure.

Results: The neutrophil numbers in bronchoalveolar lavage fluid increased tremendously after exposure to the
highest RTD doses or EHC-93. Furthermore, PM exposure slightly affected blood coagulation since there was a
small but significant increase in the plasma fibrinogen levels (factor 1.2). Pulmonary inflammation and oxidative
stress as well as changes in blood coagulation factors and circulating blood cell populations were observed within
the range of 3 to 10 mg PM/kg of body weight without significant pulmonary injury.

Conclusion: The optimal dose for determining the toxicity ranking of ambient derived PM samples in
spontaneously hypertensive rats is suggested to be between 3 and 10 mg PM/kg of body weight under the
conditions used in the present study. At a lower dose only some inflammatory effects were detected, which will
probably be too few to be able to discriminate between PM samples while a completely different response pattern
was observed with the highest dose. In addition to the dose, a 24-hr interval from exposure to sacrifice seemed
appropriate to assess the relative toxic potency of PM since the majority of the health effects were observed one
day after PM exposure compared to the other times examined. The aforementioned considerations provide a
good basis for conducting PM toxicity screening studies in spontaneously hypertensive rats.
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Background

The effects of particulate matter (PM) on human health
are a major concern since current epidemiology data show
health effects at PM concentrations below common ambi-
ent air quality standards or health-based guidelines [1].
Furthermore, a clear association has been demonstrated
between increased airborne PM concentrations and exac-
erbation of chronic respiratory and cardiovascular dis-
eases, respiratory symptoms or decreased lung function,
as revealed in increased hospital admissions and emer-
gency room visits or even premature mortality [1].

PM has not been linked to numerous adverse health
effects by epidemiological research alone. It is supported
by PM toxicity studies in both experimental animals and
human volunteers. Inhalation exposure studies have
shown that short-term exposure to diesel exhaust has an
acute inflammatory effect on normal human airways
resulting in marked neutrophilia, activation of mast cells
and neutrophils, and the production of cytokines and
chemokines associated with neutrophil accumulation and
activation [2,3]. In addition, repeated exposures of exper-
imental animals [4,5] and humans [6] to direct real-world
ambient air in urban areas of Sao Paulo, Mexico City and
Florence suggest that more adverse health effects occur at
locations with high traffic densities, possibly due to the
higher level of (fine) PM (aerodynamic diameter <2.5
um). These studies have demonstrated serious adverse
health impacts on the airways, including lesions in the
upper and lower airway tissues, increased airway reactivity
and immunotoxic effects. Many in vivo animal exposure
studies have shown the toxicity of PM, sampled from
ambient air or diesel exhaust on filters, and administered
by intratracheal instillation. PM fractions cause not just
airway and lung inflammation, and injury [7-10], but can
also affect cardiopulmonary function [11,12].

Uncertainties about health effect-relevant PM characteris-
tics and components and their respective sources seriously
complicate the process of PM health risk assessment and
standard setting as well as the application of cost-effective
emission and risk control measures. Whether ambient PM
with different compositions and source contributions will
have different biological activity and toxicity remains to
be determined; this is of substantial importance, both
from the scientific and regulatory point of view. Therefore,
there is an urgent need for studies to establish the source-
composition-effect relationship of PM. Hybrid studies
between the toxicology, epidemiology and air quality dis-
ciplines may be challenging in this respect. In order to
improve the scientific database on this aspect, several
European projects have been launched to investigate both
the effects of ambient PM collected in European metro-
politan as well as rural areas and the relation between tox-
icity and PM composition and sources (e.g. traffic). These
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projects use the intratracheal instillation method and
focus on the differences between the accumulation or so-
called fine mode (aerodynamic diameter 0.1 - 2.5 pum)
and the coarse mode (aerodynamic diameter 2.5 — 10 um)
of PM. The studies of Schins et al [10] and Hetland et al
[13] have given a first indication that coarse mode parti-
cles might be more potent in vivo than a fine mode
fraction.

Previously, we had investigated the time course of urban
PM [7] over a 7-days period, i.e. 2, 4, and 7 days after a sin-
gle exposure to PM. Gene expression levels and the corre-
sponding products involved in pulmonary and
cardiovascular problems were studied in rats with existing
pulmonary inflammation. Since the strongest impact on
biological effect indicators such as macrophage inflam-
matory protein-2 (MIP-2), tumor necrosis factor (TNF)-q,
endothelin-1 (ET-1) and fibrinogen was observed at 2-
days post-exposure, the question arises whether or not sig-
nificant effects can be detected in less than two days after
a single exposure. Indeed, changes in the lung levels of
inflammation-associated cytokines have been reported
within 2-6 hr after a single exposure to PM or ozone,
whereas inflammation, as shown by increased neutrophil
levels, often peaks around 24 hr [14-16]. Using residual
oil fly ash (ROFA) as a surrogate for ambient PM, Watkin-
son et al [17] and Campen et al [18] have shown that
ROFA induced both immediate (0-6 hr post-instillation)
and delayed (24-84 hr) cardiac as well as thermoregula-
tory responses. A rapid expression of genes after a single
PM exposure has also been demonstrated in spontane-
ously hypertensive (SH) rats [19].

The objective of this study was to optimize the design for
in vivo PM toxicity screening studies in terms of dose and
the time between a single intratracheal exposure and
determination of the biological responses. Therefore, in
the present study we would gain insight in an optimal
dose at which biological effects are still detectable given
the relatively small number of observations. Moreover,
the time course of effects after a single PM dose was
explored. The results should provide important informa-
tion for the design of upcoming studies in SH rats like the
HEPMEAP and PAMCHAR in vivo studies in which various
ambient PM samples collected across Europe will be com-
pared for their relative toxic potency.

Results

The results of the body and organ weights, as well as BALF
and blood analyses of SH rats exposed to saline or PM
(road tunnel dust (RTD) or EHC-93) are given separately
for each examined post-exposure time (4, 24 and 48 hr)
in additional files (see additional files 1, 2 and 3
respectively).
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Intratracheal exposure

—e— Saline control
—=—RTD 3 mg/kg of b.w.
——RTD 10 mg/kg of b.w.

—e—EHC-93 10 mg/kg of b.w.

24 hr
Post-exposure time

Figure |

Neutrophil numbers in BALF measured 24 and 48 hours after exposure. SH rats were exposed to saline or particu-
late matter (motorway tunnel dust (RTD) or EHC-93) by a single intratracheal instillation. Values are shown as means + SEM,

N = 8-10 and *P < 0.05 significantly different from saline control.

Body and organ weights

Body and heart weights did not change in response to
RTD or EHC-93 exposure. Conversely, wet lung weights
and lung to body weight ratio significantly increased
upon exposure to EHC-93 (10 mg/kg) 24 hr after
exposure.

Bronchoalveolar lavage fluid (BALF) analysis

Cell profile

Total cell numbers and neutrophils (Figure 1) were signif-
icantly increased in RTD and EHC-93 exposed animals 24
and 48 hr after exposure especially at the highest dose lev-
els. The aforementioned also holds for the number of
macrophages with the exception of the response to RTD at

48 hr. Decreased macrophage numbers were observed 4
hr post-exposure to RTD (3 mg/kg). In addition, exposure
to EHC-93 resulted in increased BALF lymphocytes num-
bers at 24 hr (see additional file 2) and no differences in
BALF eosinophil numbers were observed. Furthermore,
an increase in the percentage of viable BALF cells was seen
after exposure to the highest PM doses of RTD and to
EHC-93 at 24 and 48 hr post-exposure. For the percentage
of viable cells 24 hr after RTD exposure a clear dose-effect
relationship was observed, this effect diminishing at 48 hr
after instillation. No signs of reduction in the percentage
of viable cells were noted.
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Figure 2

Lactate dehydrogenase (LDH) activity in BALF measured 24 and 48 hours after exposure. Legend and significance

as indicated in Figure |.

Biochemical characterisation

Since RTD did affect the number of polymorphonuclear
neutrophils (PMNs) in BALF, the neutrophil activity
marker myeloperoxidase (MPO) was determined for a
selected number of BALF samples (see additional file 2).
MPO activity was increased at 24 hr post-exposure after
exposure to the two highest doses of RTD (3 and 10 mg/
kg). Both RTD and EHC-93 induced significantly
increased lactate dehydrogenase (LDH) levels in BALF 24
and 48 hr after intratracheal instillation. This increase in
cytotoxicity was only observed at the highest dose of 10
mg/kg and the LDH levels increased in time (Figure 2).
Exposure to EHC-93 resulted in elevated type II cell dam-
age (alkalin phosphatase (ALP) increase) at all examined

time points while RTD caused a dose-dependent damage
only at 48 hr after exposure. In addition, elevated concen-
trations of the macrophage activation marker N-acetyl
glucosaminidase (NAG) were found for EHC-93 at all
post-exposure times. On the other hand, rats exposed to
the low RTD dose of 0.3 mg/kg showed decreased levels of
NAG in BALF at 24 and 48 hr. Exposure to this relatively
low RTD dose also resulted in decreased BALF protein
levels at 24 hr. No additional contrasts were found either
for the permeability markers protein and albumin or for
the lung damage marker Clara cell protein (CC16) in
response to either RTD or EHC-93. Antioxidants levels
(reduced glutathione (GSH) and uric acid (UA)) were
decreased in rats due to exposure to RTD (1 mg/kg of body
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Correlation between BALF MIP-2 and total cell levels after exposure to different doses of RTD. The correlation
between the MIP-2 concentration at 4 hr and respectively the total cell numbers at 24 and 48 hr post-exposure are shown.
Data points for each post-exposure time are saline control followed by the different doses of RTD (respectively 0.3, I, 3 and

10 mg/kg of body weight). Values are shown as means, N = 8-10.

weight 24 hr after exposure). Glutathione appeared to be
a more sensitive marker since the levels of this antioxidant
were affected even by the lowest RTD dose.

Cytokine content

The interleukin-6 (IL-6) concentration was increased
already 4 hr after exposure to EHC-93 or the highest dose
of RTD. The effect on IL-6 was diminished at a later time
for both PM samples but it was still present 48 hr after
instillation of EHC-93. A more pronounced response,
especially for RTD, was observed for the inflammation

marker TNF-o since increased quantities were also seen at
lower dose levels (see additional file 1). This effect
decreased in the course of time and was still present for
the 10 mg/kg of dose of both PM samples 24 hr post-
exposure and for RTD even 48 hr after instillation. MIP-2
seemed to be even more sensitive to PM (see additional
file 1) as it showed highly significant increases at the low-
est dose levels. Again, the peak response was observed 4 hr
after exposure but also at 48 hr the highest dose of 10 mg/
kg of both PM samples induced a significant MIP-2
response. An increase in BALF MIP-2 concentrations at 4
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Figure 4
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Fibrinogen levels in blood of SH rats measured 24 and 48 hours after exposure. Legend and significance as indicated

in Figure 1.

hr post-exposure coincided with an increase in BALF total
cell numbers for the highest RTD doses at 24 as well as 48
hr post-exposure (Figure 3).

Blood analysis

Plasma fibrinogen was increased only at 24 and 48 hr after
exposure to 10 mg/kg RTD or EHC-93 (Figure 4). No sig-
nificant changes were found in plasma for big ET-1, the
precursor of the vasoconstrictor endothelin-1, neither for
the endothelial injury marker von Willebrand factor
(VWF). Cell differentials in blood only revealed decreased
lymphocyte levels after exposure to the highest dose of
RTD and EHC-93, and RTD exposure (10 mg/kg) also

resulted in diminished basophilic granulocyte plasma lev-
els, both at 4 hr post-exposure.

Pulmonary histopathology

Exposure to RTD at doses of 3 and 10 mg/kg of body
weight showed a dose-dependent increase in the number
of inflammatory foci 24 and 48 hr post-exposure, being
significant for the 10 mg/kg of dose at 48 hr (Table 1). On
the other hand, exposure to 10 mg/kg of body weight
EHC-93 resulted in a more pronounced significant
increase in inflammatory foci at both time points. In addi-
tion to the observed dose-dependent increase of inflam-
matory foci, a significant dose-effect relationship was seen
for the number of macrophages loaded with PM after
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Table I: Summary of histopathological changes in lungs of SH rats exposed to particulate matter or saline.

Post-exposure time 24 hr
Group |

Number examined 9
Alveolar M¢ minimal 2
slight -
moderate -
marked -
overall 2

minimal

slight 3

moderate -

marked -

overall 12

Inflammatory foci thick septa + alveolar M@

number 6
examined

minimal 2
slight |
moderate -
marked -
strong -
overall 4

BrdU score

48 hr
4 5 6 | 4 5 6
9 9 9 10 10 10 10
6 3 5 4 6 3 -
2 5 | | 4 2 6
| | | - - 4 2
- - - - - - 2
13 16 10 6 14 19 26
4 3 - 6 2 - -
5 3 3 2 4 - -
- 3 3 2 4 7 3
- - 3 - - 3 7
14 18 27 16 22 33 37
6 6 6 6 6 6 6
- - - 6 | - -
| - - - 3 - -
3 3 - 2 3 2
2 2 3 - - 3 2
- | 3 - - - 2
19 22 27 6 13 21 24

The lungs of SH rats exposed to saline (groupl), 3 or 10 mg/kg of body weight RTD (respectively group 4 and 5) or 10 mg/kg of body weight EHC-
93 (group 6) were examined at 24 or 48 hours post-exposure. In the overall score, a weight factor of | to 5 is included for the score minimal to

strong. Abbreviations: M$ — macrophages.

exposure to RTD (Figure 5). The high EHC-93 dose also
induced a significant increase the number of macrophages
in SH rats that phagocytized RTD. The histological evalu-
ation of BrdU-labelling in control SH rats showed besides
a normal background labelling and a high labelling in
bronchoalveolar lymphoid tissue (BALT) and perivascular
lymphoid tissues, a pronounced labelling in the inflam-
matory foci. Exposure to RTD as well as EHC-93 caused a
pronounced increase in the size of the labelled areas of the
inflammatory foci (Table 1).

Discussion

In this study, several dose-dependent biological responses
were measured after exposure to RTD or EHC-93 by intrat-
racheal instillation at all three post-exposure times (4, 24
and 48 hr). As expected on the basis of previous studies
[14-16], the inflammation-associated cytokine response
in the lung is most prominent rapidly after exposure while
inflammatory cell influx peaks 24 hr post-exposure. No
deaths or immediately life-threatening health effects have
been observed after a single exposure to PM; this latter
aspect is supported by the relatively slight changes in body
or lung weight, macroscopic findings noted in necropsy
and the overall lung pathology. Furthermore, the marker
for cytotoxicity, LDH, is released into BALF only at the
highest dose level. The low levels of protein and albumin

in the BALF as well as the lack of Clara cell secretory pro-
tein CC16 once more indicated that these relatively high
doses used for instillation did not induce serious toxicity.

All doses used in the present study, including the lowest
dose of 0.3 mg/kg, were above levels which can be
expected to occur in realistic human occupational or envi-
ronmental exposures [20]. On the other hand, these levels
are justified considering relative PM toxicity assessment of
different types of particles and their underlying biological
mechanisms. For most health effect parameters, a clear
dose-dependent response pattern is observed. However,
the biological responses induced by the highest 10 mg/kg
dose of RTD, and especially EHC-93, appeared more
extreme and did not seem to fit in the general pattern of
this curve. These effects could be attributed to high dose
and could be seen as a different response pattern, which is
probably caused by overload of the lungs [21,22].
Remarkably, however, is the observation that there are
still lung macrophages without phagocytized PM and
there are also no signs of loose PM in the alveoli indicat-
ing that the dose of 10 mg/kg of body weight did not
result in overload of the lungs in the present study
(unpublished observations). Although separate screening
of size-different PM fractions will occur in several Euro-
pean projects, the present study used a RTD PM sample of
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Figure 5

Lung of SH rat exposed to 3 mg/kg (a) or 10 mg/kg
(b) of RTD. A significant dose-effect relationship is seen for
the number of macrophages loaded with PM after exposure
to RTD. Slight to moderate quantities of PM are phago-
cytised by a small number of alveolar macrophages after
exposure to the lower RTD dose (a; arrows) while exposure
to 10 mg/kg of body weight of RTD resulted in a large
number of alveolar macrophages loaded with PM mass (b;
arrow). HE, magnification 500x.

pooled coarse and fine fractions to increase the yield of
PM toxicity, thereby improving the probability of hitting
the biological responses. Furthermore, using combined
instead of separate fractions is in accordance with the pol-
icy to restrict the number of experimental animals.

PM exposure can provoke pulmonary injury/inflamma-
tion, an oxidative stress response as well as systemic
effects [7,23-27]. Individuals with existing diseases are
more susceptible to PM exposure; exacerbation of
pulmonary inflammation in susceptible people might
therefore be a central mechanism by which PM exerts its
toxicity [28,29]. Since susceptible subjects are more at
risk, the spontaneously hypertensive rat was selected as an

http://www.particleandfibretoxicology.com/content/2/1/2

animal model for assessment of relative PM toxicity. The
SH rat has proven to be an animal model representative
for subjects with systemic hypertension and has also
shown to facilitate measurement of PM toxicity [30]. In
the present study, pulmonary injury was determined by
several parameters measured in BALF (LDH, ALP, protein,
albumin, and CC16) in addition to macroscopic and
microscopic pathology of the lung. Gross cellular lung
damage is absent even after exposure to very high PM
doses despite the high neutrophilia in PM exposed lungs.
Such an inflammatory reaction in the lung in the absence
of serious damage has also been reported in rats after
exposure to relatively low PM dose (~0.6 - 1 mg/kg)
measured 18 hr post instillation [10].

The present PM exposures resulted in a rapid response of
pro-inflammatory mediators (MIP-2, TNF-o, and IL-6).
MIP-2 plays a key role in inflammatory cell recruitment
since MIP-2 levels have often preceded the increases in
neutrophils [14,31]. TNF-a has been suggested to be
mostly released in connection to increased neutrophils
though it is released by macrophages. In addition, IL-6
levels would rise when TNF-oo becomes down-regulated
[32]. This appears to be true also for PM induced inflam-
mation shown here. Pulmonary inflammation due to PM
exposure is evident in the present study since the neu-
trophil numbers in BALF increased tremendously after
exposure to the highest RTD doses or EHC-93 and some
neutrophil influx was already seen at a low PM dose 4 hr
after exposure. In spite of this, only the high RTD doses of
3 and 10 mg/kg of body weight have also shown induced
neutrophil activity as indicated by increased MPO activity.
Increased BALF neutrophil numbers, and by that pulmo-
nary inflammation is a consistent PM effect that has also
been reported in other rat instillation studies [10,15]. Ele-
vated numbers of macrophages, as observed in the present
study, have not consistently been shown, which is proba-
bly caused by variability in the lavage procedure. How-
ever, a clear macrophage increase is shown in humans 18
hr after exposure to diesel exhaust [33]. The finding of
reduced macrophage numbers in BALF 4 hr after exposure
to 3 mg/kg of body weight of RTD most likely represents
an increased macrophage adherence to the epithelium in
a relatively early phase after exposure. Later onwards the
macrophage numbers increase due to the demand for par-
ticle clearance. The importance of lymphocytes in the
induction of an early inflammatory response by PM expo-
sure has been suggested earlier for diesel exhaust [2,3,34]
and exposure to EHC-93 resulted in increased BALF lym-
phocyte numbers, which supported this finding. It is obvi-
ous that in the normal resting unchallenged state there are
a certain percentage of aged cells with reduced membrane
integrity. Exposure resulted in a relatively massive recruit-
ment and influx of inflammatory cells, which are far more
viable. This means that it is not the viability itself which
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has increased, but rather an influx of fresh and lively cells.
In addition, 24 hr after exposure to low doses of RTD
decreased levels of the antioxidants GSH and UA were
observed. This implies that oxidative stress will also play a
role in the mechanisms that will lead to adverse health
effects, which should be investigated more thoroughly in
future studies.

Systemic changes following inflammatory reactions or
other immune responses in the lung are likely. A decrease
in the number of blood lymphocytes is one example of a
possible systemic change. In the present study, this was
only observed shortly after PM exposure in the absence of
pulmonary injury and when pulmonary inflammation
was not yet obvious. A small decrease in circulating lym-
phocytes has been demonstrated before as a result of PM
exposure by intratracheal instillation and/or inhalation in
both rats [23,35] and humans [36]. An increase in circu-
lating neutrophils coincided with a decrease in lym-
phocytes upon exposure by inhalation [35,36] while
instillation studies, including the present study, revealed
no increase in blood neutrophils [23]. Although the bio-
logical significance and impact remains unclear, the
decrease in lymphocytes is consistent in these studies. In
the present study, reduction in blood lymphocytes pre-
ceded the increase in BALF lymphocytes, which could be
explained by increased adherence of lymphocytes to the
pulmonary vasculature, leading to subsequent lym-
phocyte influx to the airways. Another systemic effect
marker, fibrinogen, which is a risk factor for cardiovascu-
lar disease [37,38], contributes to plasma viscosity as does
vWEF, a pro-coagulant product of the endothelium [39].
Exposure to a high PM dose resulted in increased plasma
fibrinogen but no changes were observed in plasma vWF
levels. Various effects of pollutant particles on blood
fibrinogen are reported in the literature. Elevation, reduc-
tion as well as no changes in fibrinogen levels have been
described in either humans [40-42] or animals [43,44]
upon exposure to PM under variable conditions. These
contradicting results could be due to differences in the
source contribution, PM dose or differences in exposure
pathways, time of evaluation, and/or variability in
response within groups. Given that vWF also contributes
to plasma viscosity the observed steady vWF levels were
unexpected and could be attributed to a stronger effect of
fibrinogen on viscosity [39]. However, the unchanged
VWF plasma levels indicate that exposure to RTD and
EHC-93 in these concentrations did not result in endothe-
lial damage.

Conclusion

In the present study, we have shown that the optimal dose
for determining the toxicity ranking of ambient-derived
PM samples appeared to be between 3 and 10 mg PM/kg
of body weight. This is valid for the applied study design

http://www.particleandfibretoxicology.com/content/2/1/2

in spontaneously hypertensive rats. This is supported by
the fact that, in the range of these doses, biological
responses such as pulmonary inflammation, oxidative
stress and effects observed in the circulation can be
detected without the presence of pulmonary injury or
toxicity. At lower doses only some inflammatory effects
can be detected, probably too few to be able to discrimi-
nate between PM samples while a completely different
response pattern was observed with the highest dose.
Most likely, additional effects could be found at lower
doses by increasing the number of animals but searching
for an optimal dose using small animal numbers was an
argument behind this study. In addition to the dose, 24 hr
post-exposure seemed to be the appropriate time to assess
PM toxicity since the majority of the health effects are
observed one day after PM exposure compared to the
other times examined. The aforementioned considera-
tions provide a good basis for conducting in vivo PM tox-
icity screening studies in spontaneously hypertensive rats.

Methods

Animals

Spontaneously hypertensive male rats (SHR/NHsd) of
11-12 weeks old and weighing 250-350 g were obtained
from the breeding colony of Harlan (Indianapolis, Indi-
ana, USA). Animals were housed in macrolon cages Type
3 in a room with HEPA-filtered air and a constant climate
(room temperature 21 + 2°C and relative humidity 40-
70%) with a 12-hr light/dark cycle (light on at 8.00 a.m.).
Special rodent food (SSP-TOX standard/eromix pellets 10
mm non-radiated; Hope Farms, Woerden, the Nether-
lands) and tap water via an automatic drinking-water sys-
tem was supplied ad libitum. Immediately after arrival, the
animals were weighed and randomly allocated into expo-
sure groups. Experiments started after an acclimatisation
period of at least 7 days. Experiments were approved by
the Ethical Review Committee of the National Institute for
Public Health and the Environment.

Objectives and study design

The objective of the present study is to determine the opti-
mal dose of and time after a single exposure to PM at
which in subsequent studies various PM samples collected
throughout Europe can be tested and ranked for their
toxic potency. It is hypothesized that a single exposure to
ambient particulate matter in spontaneously hypertensive
rats will lead to an immediate pulmonary injury/inflam-
mation, antioxidant depletion. This may consequently be
followed by alterations in markers which are symptomatic
for changes in blood coagulation factors and circulating
blood cell populations and might eventually affect cardi-
ovascular function. In order to address the hypothesis, rats
were exposed to various doses of PM collected from ambi-
ent air near a motorway tunnel using high-volume tech-
niques. In addition, a reference sample (EHC-93, see
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Table 2: Chemical composition of RTD and EHC-93 (ug/g).

RTD EHC-93
Cd 74 18.3
Pb 176 5700
Mg 5207 15983
Al 5184 14562
Si 10409 43713
Ca 11738 123403
\ 83.2 99.1
Cr 533 44.9
Mn 376 445
Fe 12929 17759
Ni 70 41
Cu 532 760
Zn 2678 10370
Na 50819 22339
K 3172 6436
NH4 42868 222
Cl 79679 23916
NO3 130374 24319
SO4 47355 56664
PAH 0.66 0.86

below) has been used to allow inter study comparison.
The biological responses to these PM samples were deter-
mined after three distinct time points: 4, 24 or 48 hr post-
exposure. In order to increase the sensitivity of the analy-
sis, spontaneously hypertensive (SH) rats were selected, as
being representative for people with systemic hyperten-
sion [30]. A wide selection of markers for toxicity and
inflammation were examined.

Sampling and characterisation of particles

PM was collected on polyurethane foam (PUF) at the exit
of a motorway tunnel in Hendrik-Ido-Ambacht (HIA) in
the Netherlands using a high volume cascade impactor
(HVCI) [45]. Coarse (2.5-10 um) and fine (0.1-2.5 pm)
PM were sampled separately on PUF. The PUF was
cleaned before use in 3 successive baths with 30 min son-
ications, in water, in ethanol and in methanol respec-
tively. The methanol extraction of collected PM from PUF
includes potentially both advantages and disadvantages.
Methanol, unlike water, wets the porous structure of PUF
and a high extraction efficiency (up to 90-95%) of the
collected PM mass has been shown [46]. The method has
already extensively been applied in several EU funded
projects [46-48]. After washing, PUF was dried at 50°C
overnight and weighed. The collected PM samples were
extracted from the PUF into 100% methanol by
sonicating 2 or 3 times for 30 min, each time adding new
methanol to increase PM yield. Subsequently, methanol
was removed by evaporation at 30°C overnight to yield
dry PM samples. Coarse and fine PM fractions, collected
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Table 3: Exposure and dose of experimental animal groups (N =
10/group).

Group Exposure Dose (mg/kg of body
weight)
| Saline -
2 RTD 0.3
3 RTD |
4 RTD 3
5 RTD 10
6 EHC -93 10

Biological responses were examined 4, 24 and 48 hours after
exposure. Abbreviations: RTD — particulate matter collected at the
motorway tunnel in Hendrik-ldo-Ambacht, the Netherlands; EHC-93
— Ottawa dust [22].

during week 7 and 10 in 2002, were pooled in this study
to represent an integrated PM sample from the motorway
tunnel at HIA (road tunnel dust, RTD). An urban air PM
sample (Ottawa dust; EHC-93) recovered by vacuuming
of bag-house filters of the Environmental Health Centre
in Ottawa in Canada was used in this study as a second
ambient PM sample. The chemical composition and bio-
logical reactivity of EHC-93 have been described earlier
[49,50]. In addition, the chemical composition of both
RTD and EHC-93 was determined in the present study
and the outcomes are shown in Table 2.

Exposure by intratracheal instillation

Table 3 shows the exposure material and doses of the dif-
ferent animal groups (N = 10/group) used in this study.
Rats were exposed to RTD suspended in saline (0.15, 0.5,
1.5 or 5 mg/mL) after anaesthesia with 4% halothane
(Ceva, Maassluis, the Netherlands) and instilled with a
volume of 2 mL/kg of body weight resulting in 0.3, 1, 3 or
10 mg/kg of body weight. EHC-93 (5 mg/mL) was
employed as a reference sample used in previous studies
[7,51,52]. Briefly, after a few min of 4% halothane anaes-
thesia the rat was fixed with the forelegs on a small vertical
(60 degrees) table. The neck was lighted and a cannula
was inserted through the mouth into the trachea just
above the bifurcation. Proper placement of the cannula
was checked with a 10 mL glass syringe BD cornwall
2193F (Becton Dickinson, Grenoble, France). With the
same syringe hyperventilation was induced to get a period
of about 3 seconds without breathing of the animal.
During this period the volume of saline or PM sample was
instilled through the cannula with a long needle ending
just above the end of the trachea cannula. Immediately
after the instillation, the glass syringe was used again a few
times to inflate the lungs and spread the instilled volume
over the lungs.
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Necropsy

Two hours before necropsy, the animals (N = 6/group)
were subcutaneously (s.c.) injected with 40 mg/kg of body
weight 5-bromo-2-deoxyuridine (20 mg/mL BrdU; Sigma-
Aldrich, Zwijndrecht, the Netherlands). At necropsy,
animals were anaesthetised with a mixture of Ketamine/
Rompun (1 mL/kg body weight i.p. of a 10:4 mix of 100
mg/mL Ketamine (Aesculaap, Boxtel, the Netherlands)
and 20 mg/ml Rompun (Bayer, Leverkusen, Germany))
and sacrificed by exsanguination via the abdominal aorta.
Necropsy was performed at 4, 24 or 48 hr post-exposure.
Saline perfusion of the lungs was performed via the right
cardiac ventriculum only for those animals that did not
received BrdU (N = 4/group). In this study, the right lung
was used to obtain BALF after ligation of the left bron-
chus. The right lung was lavaged (three in- and out lavages
using same fluid) with a volume of saline corresponding
with 27 mL/kg body weight at 37°C. The recovered BALF
was placed on ice. The left lung was dissected, weighed,
and preserved for histopathology after fixation for one
hour under a constant pressure of 20-cm H,O with 10%
phosphate buffered formalin.

Histopathology

The left lung was embedded in paraplast and 5 pm thick
lung sections from animals exposed to saline, 3 or 10 mg/
kg RTD, and 10 mg/kg EHC-93 (experimental groups 1
and 4-6; Table 3) collected 24 and 48 hr post-exposure
were stained with hematoxylin-eosin (HE). The patholog-
ical lesions were semiquantitatively, blindly scored by
light microscopy (minimal, slight, moderate, marked and
strong; N = 9-10/group). Furthermore, the cumulative
cell proliferation was examined by immunohistochemical
staining with an anti-BrdU antibody (Boehringer, Man-
nheim, Germany) labelled with peroxidase. BrdU-label-
ling was also semiquantitatively scored by estimation of
inflammatory areas with higher labelling index (N = 6/

group).

BALF analysis

The BALF from each animal was centrifuged at 400 g, 4°C,
for 10 min. The cell-free fluid from the lavage was used for
measurements of cellular toxicity, inflammation and oxi-
dative stress. The pellet from the lavage was resuspended
in 1 mL saline and used for total cell counts, preparation
of cytospins for differential cell counts and measurement
of cell viability.

Cell counts and differentials

Total cell number was determined by mixing 0.5 mL of
the cell suspension with 9.5 mL Isoton II (Beckman Coul-
ter B.V.,, Mijdrecht, the Netherlands) and subsequently
counting in a Coulter Counter Z1 and/or Z2 (Beckman
Coulter B.V.). Cytospin slides were made in duplicate for
differential cell counts and stained according to May-
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Griinwald and Giemsa. Per cytospin slide, 200 cells were
counted (total of 400 cells per exposure) and the propor-
tion of each cell type (macrophages, neutrophilic
granulocytes, eosinophilic granulocytes and lym-
phocytes) was calculated on the basis of total cells per
BALF sample. The viability of BALF cells was only exam-
ined 24 and 48 hr after exposure. Cell suspensions were
diluted 1:1 with 0.2% trypan blue and the numbers of liv-
ing and dead cells were counted in a Biirker counting
chamber.

Biochemistry

The neutrophil activity marker MPO was assayed. Briefly,
samples were diluted 1:5 in freshly prepared assay solu-
tion (0.01 M sodium phosphate buffer pH 7.0, 0.01 M
H,0, and 0.015 M guaiacol (Sigma-Aldrich)). The gener-
ation of tetra-guaiacol was measured at 470 nm for 2 min
at 37°C at intervals of 15 seconds and and the change of
optical density (OD) per min was calculated from the ini-
tial rate. The MPO activity was then calculated from the
formula: U/mL = AOD/min x 0.752. One unit of the
enzyme is defined as the amount that consumes 1 pmol
H,O, per min [53]. LDH, NAG, ALP, UA and albumin
were determined using a commercially obtained reagent
kit (Roche Nederland B.V, Almere, the Netherlands). Total
protein was determined using a reagent kit obtained from
Pierce (Etten-Leur, the Netherlands). Enzyme-linked
immunosorbent assay (ELISA) was used to determine
CC16 in BALF as described before [54]. Briefly, high-bind-
ing microtiterplates were coated with anti-CC16 serum
diluted 1:4,000 in coating buffer (50 mM carbonate pH
9.4). Between each incubation step the plates were
washed four times in washing buffer (PBST; phosphate
buffered saline (PBS) with 0.1% Tween 20. The CC16
standards (10, 3.33, 1.11, 0.37, 0.123, 0.041, 0.0137 and
0 ng/mL) diluted in assay buffer (PBST with 0.5% BSA and
the BALF samples diluted 1:10,000 were added in dupli-
cate and incubated at 37°C for 90 min. Subsequently,
plates were incubated with a polyclonal anti-CC16
antibody (1:2,000 diluted in assay buffer) at 37°C for 90
min followed by an incubation with 0.10 mL streptavidin
HRP (1:10,000 diluted in assay buffer) for 30 min at room
temperature. TMB-reagens was added for colour develop-
ment and after stopping the reaction by adding H,SO,,
the absorbance was measured at 450 nm. The CC16 con-
centrations in BALF samples were calculated on the basis
of absorbance readings of the standards. Glutathione
(GSH and GSSG) was measured as described previously
[54]. Quantification of GSSG was accomplished by
conjugation of GSH with 2-vinylpyridine in ethanol (1:20
ratio v/v). Both the vinylpyridine-treated and untreated
samples were assayed for GSH concentrations by an enzy-
matic recycling method using glutathione reductase at
415 nm for 2 min. GSSG was calculated from the vinylpy-
ridine-treated sample (GSSG = 2 x GSH) and GSH from
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the untreated sample (GSH = total glutathione - GSSG x
2). LDH was measured as a marker for cytotoxicity, NAG
as an indicator for macrophage activation, ALP as a
marker for type II cell damage. Albumin and total protein
levels were measured as indicators for increased permea-
bility of the alveolar-capillary barrier and CC16 for lung
cell damage. In addition, the antioxidants uric acid and
glutathione were measured as markers for oxidative stress.
The inflammatory mediators IL-6, TNF-o and MIP-2 were
determined using commercially available ELISA kit (Bio-
source, Etten-Leur, the Netherlands).

Blood analysis

Fibrinogen, a marker of the coagulation response, was
determined in citrate plasma (DiaFibrinogen kit Cat. no.
305100; DiaMed Benelux n.v., Turnhout, Belgium). The
marker for early endothelial injury, vWF, was determined
in citrate plasma by ELISA (Kordia B.V., Leiden, the
Netherlands) using pooled citrate plasma of unexposed
rats to prepare a reference standard. Cell differentials were
determined in EDTA(K;) (Terumo Europe N.V., Leuven,
Belgium) anticoagulated blood using an H1-E Multi Spe-
cies Haematology Analyser (Bayer B.V. Mijdrecht, the
Netherlands). The following parameters were measured:
white and red blood cell concentrations, haemoglobin
and platelet concentrations, the number of lymphocytes,
monocytes, eosinophilic and basophilic granulocytes, as
well as the haematocrit value. The ET-1 precursor bigET-1
was measured by ELISA (IBL, Hamburg, Germany) only
24 and 48 hr post-exposure.

Statistical analysis

All biological effect parameters were log-transformed and,
subsequently, a two-way analysis of variance (ANOVA)
was performed. Two-way ANOVA techniques were used to
assess differences due to PM (RTD or EHC-93) exposure,
day-to-day variation (caused by different necropsy days
(N = 5) for a specific post-exposure time) and their inter-
action. The above-mentioned differences were analysed
for all three post-exposure times (4, 24 and 48 hr) sepa-
rately and Bonferroni was used for post-hoc analyses. In
case log-transformation did not result in normal distribu-
tion of the measured parameter the non-parametric test
Kruskal-Wallis rank sum test (used for the following
markers: BALF lymphocytes and eosinophils; viability;
protein, albumin, IL-6, MIP-2, and TNF-a at 4 hr; NAG,
glutathione, GSSG, GSH, GSSG:GSH ratio, and UA at 4 as
well as 24 hr post-exposure; fibrinogen; blood lym-
phocytes; basophilic granulocytes) or Wilcoxon signed-
rank test (MPO) was performed to reveal differences
between specific groups. The values are expressed as
means + standard error of the mean (SEM) and P values
<0.05 were regarded significant. All above-mentioned sta-
tistical analysis was performed using S-Plus software
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(MathSoft, Inc). The histological parameters were statisti-
cally tested with the non-parametric Wilcoxon test.
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