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The mechanisms by which exposure to particulate matter increases the risk of cardiovascular events are not
known. Recent human and animal data suggest that particulate matter may induce alterations in hemostatic fac-
tors. In this study we determined the mechanisms by which particulate matter might accelerate thrombosis. We
found that mice treated with a dose of well characterized particulate matter of less than 10 uM in diameter exhib-
ited a shortened bleeding time, decreased prothrombin and partial thromboplastin times (decreased plasma
clotting times), increased levels of fibrinogen, and increased activity of factor II, VIII, and X. This prothrombotic
tendency was associated with increased generation of intravascular thrombin, an acceleration of arterial throm-
bosis, and an increase in bronchoalveolar fluid concentration of the prothrombotic cytokine IL-6. Knockout mice
lacking IL-6 were protected against particulate matter-induced intravascular thrombin formation and the accel-
eration of arterial thrombosis. Depletion of macrophages by the intratracheal administration of liposomal clo-
dronate attenuated particulate matter-induced IL-6 production and the resultant prothrombotic tendency. Our
findings suggest that exposure to particulate matter triggers IL-6 production by alveolar macrophages, resulting
in reduced clotting times, intravascular thrombin formation, and accelerated arterial thrombosis. These results

provide a potential mechanism linking ambient particulate matter exposure and thrombotic events.

Introduction

Epidemiologic studies have consistently linked morbidity and
mortality from ischemic cardiovascular events, such as acute myo-
cardial infarction (1-3), discharge of implanted automatic cardio-
verter defibrillators (4), hospitalizations for acute decompensation
of patients with congestive heart failure (5), and ischemic stroke
(6), with acute exposure to particulate matter (PM).

Exposure of rodents to PM has been reported to result in bron-
choalveolar lavage (BAL) fluid pleocytosis, platelet function abnor-
malities, and hemostatic alterations that culminate in intravascu-
lar thrombosis (7, 8). The doses used in these models are similar,
when adjusted for differences in tidal volume, to the doses to
which humans might be exposed in urban centers in the United
States. The mechanisms linking PM exposure to the development
of thrombosis, however, have not been elucidated.

IL-6 is a cytokine that is released from the lung in response to a
wide variety of inflammatory stimuli (9). The transcriptional targets
of IL-6 include several proteins that either increase the transcrip-
tion of procoagulant proteins or decrease the transcription of anti-
coagulant proteins (10). Increased levels of IL-6 or its transcriptional
target, C-reactive protein, have been consistently linked to ischemic
cardiovascular events (11-14). Exposure of healthy individuals and
patients with coronary artery disease to PM has been shown to
increase the serum levels of IL-6 and C-reactive protein (9).

Nonstandard abbreviations used: ADP, adenosine diphosphate; aPTT, activated
partial thromboplastin time; BAL, bronchoalveolar lavage; PM, particulate matter;
PMio, PM of less than 10 um in diameter; PT, prothrombin time; TAT, thrombin-anti-
thrombin.
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While developing a model of PM exposure in mice (15), we clini-
cally observed grossly reduced bleeding and accelerated blood
clotting during thoracotomy in C57BL6/J mice 24 hours after the
intratracheal administration of PM compared with PBS-treated
control mice. Consistent with this observation, the bleeding time
was shortened, prothrombin and partial thromboplastin times were
reduced, and plasma factor VIII activity was increased in PM-treated
compared with PBS-treated animals. This PM-induced prothrom-
botic tendency resulted in intravascular generation of thrombin and
accelerated carotid artery thrombus formation after FeCls-induced
injury. Mice lacking IL-6 (IL67~ mice) or depleted of alveolar mac-
rophages did not develop a prothrombotic tendency in response to
PM. Our results provide a novel mechanistic link between exposure
of the respiratory tract to PM and the development of thrombosis.

Results
Exposure to moderate doses of PM causes a prothrombotic tendency in mice.
To study the effects of PM in cardiovascular disease, we established
a mouse model of PM exposure, which consisted of intratracheal
instillation of 10 ug of PM less than 10 wm in diameter (PMo) in 50 ul
of sterile PBS. The PM used in our experiments was collected by
baghouse from ambient air in Diisseldorf, Germany, and has been
previously characterized (16). The dose of PM;o used in our experi-
ments is equivalent (by weight) to the daily dose to which humans
are exposed when the ambient PM level is approximately 150 ug/m?,
which corresponds to a moderate elevation in PM levels (17).
During excision of the lungs of C57BL6/J (IL6") mice treated
with PM 24 hours earlier, we clinically observed grossly reduced
bleeding and accelerated clot formation compared with PBS-treat-
ed animals. This observation led us to examine the coagulation
profile of PM-treated mice (Figure 1). Compared with PBS-treated
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Alterations in hemostasis in wild-type mice treated with PM. Airborne PM1, (10 ng in 50 ul PBS) or PBS alone was intratracheally instilled into
mouse lungs, and 24 hours later measurements of hemostasis were made. (A) Bleeding time, platelet count, PT, and aPTT measurements. (B)
Fibrinogen and coagulation factors (factors Il, V, VII, VIII, and X). The number inside each bar represents the number of animals for each group
of experiments. *P < 0.05 for comparison between PM- and PBS-treated mice, n = 8 in each treatment group.

mice, the bleeding time (tail vein cut) was reduced significantly in
PM-exposed animals (232 + 26 versus 157 + 29 seconds, respec-
tively; » = 10; P < 0.001). To study the effects of PM exposure on
coagulation, blood was collected from mice by right atrial puncture
24 hours after PM o or PBS instillation. Compared with PBS-treated
mice, mice exposed to PM; showed an increase in the platelet count
(1,376,000 + 154,000 versus 1,093,000 + 201,000 cells/mm?3; n = 8;
P <0.05) and a reduction in the prothrombin time (PT) (9.84 + 0.10
versus 11.30 = 0.39 seconds; 7 = 12; P < 0.001) and the activated par-
tial thromboplastin time (aPTT) (29.62 + 1.85 versus 35.44 + 5.92
seconds; n = 12; P < 0.05). Consistent with a PM-induced prothrom-
botic tendency, the plasma level of fibrinogen and activities of factor
I1, VIIIL, and X significantly increased in PM-treated mice (Figure 1),
while the activities of factor V and factor VII were not changed. Our
data showing that the intratracheal instillation of PM results in pro-
thrombotic tendency are consistent with the observations of other
investigators in human subjects (18, 19) and animals (7, 8, 20).
Exposure to PM does not activate platelets. To determine the effect
of PM on platelet function, we performed flow cytometry using
CD62P antibody (Emfret Analytics) in the absence and presence of
adenosine diphosphate (ADP) (21). Mice exposed to PM had simi-

The Journal of Clinical Investigation

http://www.jci.org

lar activation of platelets at baseline. Addition of ADP increased
the percentage of activated platelets similarly in both groups of
mice (Figure 2), suggesting that the reduction in bleeding time
we observed in PM-treated animals was due to factors other than
direct activation of the platelets.

Exposure to PM is sufficient to generate intravascular thrombin and to accel-
erate occlusion of the carotid artery after FeCls-induced injury. To discover
whether the prothrombotic tendency induced by PM was sufficient
to cause the intravascular generation of thrombin, we measured the
level of covalently linked thrombin-antithrombin (TAT) complexes
in the plasma of mice 24 hours after the instillation of PM;o. Plasma
levels of TAT complexes were nearly 4 times higher in PM-exposed
mice compared with controls (16.4 + 2.9 versus 5.1 + 1.0 ng/ml;
n=28; P=0.002), suggesting that PM exposure induces intravascular
thrombosis (Figure 3A). We next sought to determine whether expo-
sure to PM could accelerate thrombus generation in a well-established
model of carotid artery injury. We directly applied 10% FeCl; to the
left carotid artery as previously described (22). The left carotid artery
was then isolated, and the time to occlusion was measured as the
disappearance of flow by 2D/Doppler ultrasonography (Figure 3B).
Histologic examination was performed immediately after loss of
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blood flow to confirm complete occlusion (Figure 3C). Mice treated
with PM 24 hours previously had a significant reduction in the time
to carotid occlusion (Figure 3D) when compared with mice treated
with PBS. To determine whether the PM-induced acceleration of
thrombosis in the carotid artery was dependent on PM-induced
activation of coagulation, we measured time to carotid occlusion in
mice treated with enoxaparin (6 IU/animal 1 hour before the FeCl;
carotid artery injury). Treatment with enoxaparin prevented carotid
artery occlusion (occlusion was not detected during 12 minutes of
observation) both in PBS- and PM-treated mice, confirming that
fibrin formation is required for carotid occlusion in this model. The
PM-induced thrombocytosis that we observed might also have con-
tributed to the shortening of the carotid artery occlusion time.

Exposure to PM increases the cell count and the levels of proinflamma-
tory cytokines, particularly IL-6, in BAL fluid. We hypothesized that an
inflammatory response to PM in the lung might be required for the
systemic prothrombotic tendency observed in PM-treated mice. We
performed cell count and differential analysis and measured the
levels of proinflammatory cytokines in the BAL fluid 24 hours after
treatment with either PBS or PM. In comparison with PBS-treated
mice, animals exposed to PM had increased total cell counts, and
the majority of the increase was attributable to an increase in mac-
rophages, with a smaller increase in the number of neutrophils
(Figure 4A). Compared with PBS-treated mice, PM-treated animals
demonstrated a marked elevation inlevels of IL-6 (16-fold) (Figure 4B)
and modest increases in TNF-a and IFN-y, while the levels of mono-
cyte chemoattractant protein 1, IL-12, and the antiinflammatory
cytokine IL-10 were not significantly altered (Figure 4B).

Alveolar macrophages are required for the PM-induced tendency toward
thrombosis. To ascertain the contribution of alveolar macrophages
to the PM-induced prothrombotic tendency, we depleted alveolar
macrophages in mice with intratracheal liposomal clodronate 48
hours before exposure to PMjo or PBS. We used flow cytometry to
2954
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measure the number of cells expressing the macrophage marker
(anti-F4/80 antibody; Spherotech) in the BAL fluid 24 hours after
the administration of clodronate. When compared with sham-
treated (empty liposome-treated) animals, animals treated with
clodronate had a reduction in the percentage of macrophages
expressing F4/80 in the BAL fluid from 82% to 32%. PM-induced
changes in the bleeding time, PT, aPTT, platelet count, factor VIII
activity (Figure SA), and plasma TAT levels (Figure SB) were not
observed in mice depleted of alveolar macrophages with liposomal
clodronate. In these animals, PM exposure also failed to shorten
the time to cessation of blood flow following the application of
FeCl; to the carotid artery (Figure 5C).

IL-6 is required for the PM-induced tendency toward thrombosis.
To determine whether the release of IL-6 was required for the
PM-induced prothrombotic tendency, we measured bleeding time,
PT, aPTT, platelet count, factor VIII activity, and plasma TAT levels
in IL67~ mice 24 hours after exposure to PBS or PM. PM-induced
changes in the bleeding time, PT, aPTT, platelet count, factor VIII
activity (Figure 6A), and plasma TAT levels (Figure 6B) were not
observed in IL6/~ mice. In these animals, PM exposure also failed
to shorten the time to cessation of blood flow following the appli-
cation of FeCl; to the carotid artery (Figure 6C). Exposure to PM
failed to cause a change in fibrinogen level (data not shown).

Alveolar macrophages are requived for PM-induced increase in BAL IL-6.
To determine the contribution of alveolar macrophages to PM-
induced inflammatory changes in the lung, we measured BAL
total and differential cell count and the levels of proinflammatory
cytokines in mice treated with liposomal clodronate followed by PM
or PBS. Compared with sham-treated mice, animals treated with
liposomal clodronate had lower total number of cells and number
of macrophages in response to PM (Figure 7A). However, we still
observed a small increase in BAL fluid neutrophil count. The PM-
induced increase in BAL fluid IL-6 level was attenuated in clodronate-
Volume 117
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treated animals (6.18 + 0.55 and 40.05 + 17.24 pg/ml in clodronate-
treated mice compared with 6.9 + 0.85 and 164.25 + 53.63 pg/ml in
wild-type mice after PBS and PM treatment, respectively) (Figure 7B).
The levels of other proinflammatory cytokines after PM treatment in
clodronate-treated mice were similar to sham-treated mice except for
amodest elevation in the IL-10 level in liposomal clodronate-treated
animals (24.03 + 2.90 in sham-treated mice versus 53.25 + 9.78 pg/ml
in liposomal clodronate-treated mice) (Figure 7B).

We repeated these measurements in IL-6 knockout mice (IL6
mice). The PM-induced changes in cell count and differential in
IL67~ mice were similar to those in wild-type mice (Figure 7C).
Exposure to PM caused a small but significant increase in BALIL-10
levels, as seen in clodronate-treated mice (Figure 7D).

To determine the effects of PM on systemic levels of cytokines,
we measured plasma levels of proinflammatory cytokines in wild-
type mice (control), wild-type mice treated with liposomal clodro-
nate, and IL67~ mice 24 hours after exposure to PM or saline. The
pattern of elevation of systemic cytokine levels in response to PM
was similar to that observed in BAL fluid but blunted (Figure 8).

Discussion

Ischemic cardiovascular events are the main contributor to excess
mortality that is attributable to ambient PM (1-3, 6). Our results
demonstrate that acute exposure of mice to moderate levels of
ambient PM causes an enhanced tendency toward thrombosis suf-
ficient to cause intravascular thrombin generation and accelerate
arterial thrombosis after injury. The bleeding time is shortened and
the platelet count is increased, the PT and partial thromboplastin
time are decreased, and fibrinogen and factors II, VIII, and X are
increased. Similar to the findings of other investigators, we found
that exposure to PM increased the levels of inflammatory cells and
cytokines in the BAL fluid. The largest increase was observed in the
levels of IL-6, which has been linked to the activation of coagulation
in other models and has been shown to be elevated in the serum of
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Figure 3

Effect of PM on thrombin gen-
eration and arterial thrombosis.
(A) Plasma levels of TAT com-
plexes in PM- and PBS-treated
mice. (B-D) Time to occlusion
of the carotid artery after the
application of FeCls. (B) Rep-
resentative 2D ultrasound view
of the common carotid artery
(CCA) and aorta (Ao) and Dop-
pler from CCA before and after
application of FeCls (at the time
of cessation of blood flow). Loss
of blood flow detected via Dop-
pler was also associated with
dilation of CCA. (C) Representa-
tive histology of CCA after FeCls
injury showing a large thrombus
with almost complete occlusion
of arterial lumen (original magni-
fication, x200). (D) Time to loss
of carotid blood flow in PM- or
PBS-treated mice. *P < 0.05 for
comparison between PM- and
PBS-treated mice, n > 4 in each
treatment group.

After FeCl, injury

humans exposed to high levels of PM (9). Exposure of mice to PM
was sufficient to induce the intravascular generation of TAT and
to accelerate the time to carotid artery occlusion following FeCls-
induced injury, an effect inhibited by low-molecular-weight hepa-
rin. Consistent with the importance of IL-6 in this response, mice
lacking IL-6 did not develop an enhanced tendency toward throm-
bosis, generate TAT, or alter the time to carotid artery occlusion
after injury. Depletion of alveolar macrophages by the intratracheal
administration of liposomal clodronate prevented PM-induced IL-6
production and the enhanced tendency toward thrombosis. These
findings demonstrate the importance of alveolar macrophages and
IL-6 in the thrombotic response induced by PM.

Available data suggest that exposure to PM causes oxidant stress
in inflammatory and epithelial cells in the lung. This results in
lung epithelial dysfunction (15), increased susceptibility to lung
injury, inflammation, and the release of inflammatory cytokines
(23, 24), which may contribute to the mortality attributable to PM
(17). Consistent with our results, other investigators have observed
evidence for PM-induced alterations in coagulation in animals
and humans. In accord with our findings in mice, Baccarelli et al.
recently found a significant reduction in the PT in residents of a
region in Italy exposed to higher levels of PM compared to those
exposed to lower levels (19). In other cohorts, exposure to PM has
been shown to increase the levels of fibrinogen (25) and von Wil-
lebrand factor (20) and to induce peripheral arterial thrombosis
(8). Our finding that IL-6 generated in the lung is required for PM-
induced thrombosis provides what we believe to be a novel mecha-
nistic link between the PM-induced inflammatory response and
the development of systemic thrombosis.

Among its many activities, IL-6 plays a pivotal role in hemostasis.
IL-6 induces a prothrombotic state by increasing expression of tissue
factor, fibrinogen, factor VIII, and von Willebrand factor, activating
endothelial cells, increasing platelet production, stabilizing fibrin
clots, and reducing the levels of inhibitors of hemostasis such as anti-
Volume 117 2955
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Alterations in BAL fluid total cell count and differential and the levels of inflammatory cytokines in wild-type mice treated with PM. (A) The total cell
count and differential and (B) the levels of IL-6 and other inflammatory cytokines in the BAL fluid were measured 24 hours after the intratracheal
instillation of PMo or PBS. *P < 0.05 for comparison between PM- and PBS-treated mice, n = 5 in each treatment group.

thrombin and protein S (10, 26-28). IL-6 promotes coagulation and
increases the generation of thrombin without affecting fibrinolysis
(29). By increasing the transcription of factor VIII (30) and fibrinogen
(31),IL-6 may increase the risk of both venous and arterial thrombo-
sis, resulting in an increased risk of coronary artery disease (32) and
venous thromboembolism (33, 34). By contrast, transcription of the
factor VIII gene is not affected by other cytokines such as TNF-o,
IL-1, and IL-2 (30). In our model, the PM-induced reduction in the
PT was attributable to an increase in factor I and factor X withouta
change in factor V or factor VII. The modest increases in the levels of
factor VIII and fibrinogen suggest a mild acute phase response. This
may in part account for the thrombocytosis observed in response
to PM. Alternatively, the thrombocytosis may be attributable to a
direct effect of IL-6 through the sequential activation of gp130 and
STAT3 in bone marrow progenitor cells (35). Independent strategies
that attenuated IL-6 production, including IL-6 knockout mice, and
depletion of alveolar macrophages with liposomal clodronate pre-
vented the PM-induced prothrombotic tendency.

The association between IL-6 and ischemic heart disease is well
established and is substantially attributable to the effects of IL-6 on
hemostasis (reviewed in refs. 11, 12). IL-6 levels correlate well with
risk factors for cardiovascular disease such as age, fibrinogen, white
blood cell count, and blood viscosity (36). IL-6 induces acute phase
reactant release from hepatocytes (37), and one of these acute phase
reactants, C-reactive protein, is a useful surrogate marker of IL-6 (38).
Increased IL-6 and C-reactive protein levels are independently asso-
ciated with increased relative risk for mortality from cardiovascular
disease (13). In support of the importance of IL-6 in PM-induced
cardiovascular events in humans, Riediker et al. observed increased
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C-reactive protein levels in highway patrol officers after exposure
to traffic-related PM (20). In 57 men with coronary artery disease,
Ruckerl and colleagues reported a similar correlation between PM
exposure and the serum level of C-reactive protein (9).

Treatment with PM induced a dramatic increase in the levels of IL-6
and more modest increases in other proinflammatory cytokines in
the BAL fluid including TNF-o and IFN-y. The most dramatic differ-
ence in cytokines observed between wild-type mice and mice treated
with liposomal clodronate or IL67~ mice was the failure to induce IL-6
in response to PM. However, both of these latter groups exhibited
small but significant increases in the levels of IL-10 in response to PM
and neither of these groups of animals exhibited the modest increase
in IFN-y observed in control animals after treatment with PM. Treat-
ment with liposomal clodronate resulted in a significant reduction
in the level of IL-6 but not TNF-at in the BAL fluid from PM-treated
animals. This suggests that while macrophages are responsible for
the bulk of the IL-6 production in response to PM, other cells in the
lung, for example airway epithelial cells or neutrophils, are respon-
sible for the PM-induced production of TNF-a. These results are
consistent with our observation that treatment with liposomal clo-
dronate failed to abrogate the PM-induced increase in neutrophils
in the lung. Collectively these results suggest that the generation of
IL-6 by lung macrophages is required for the prothrombotic ten-
dency induced by PM exposure, but they leave open the possibility
that other factors, for example the activation of neutrophils, other
inflammatory cells, or alterations in the levels of other cytokines,
might be required downstream of or in parallel with IL-6.

Our results implicating lung macrophages in the response to
PM are consistent with reports from other investigators. For
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Number 10 October 2007



research article

A
350~ s~ 1600000 13+ 40 = 3507
3004 T E 12 2 3004
— 2504 B 14000004 2 5504
@ 3 s T =
O — =
2 200+ z = M == e 2 2004
= S 1200000+ ) E G
- Q -
2 150 8 = 1o B a0- S 150
kel . [0} > .
g 100 T 10000004 T o - 100
o 504 = G 50-
254 F
0 800000 8 0
PBS  PMq PBS  PMq PBS  PM, PBS  PMj PBS  PM
B Cc _
20- £ 9
E ES
£ 154 &7 T
T g4
T 3
3 5 51
= 104 .
IE o 44
= 8 3
g 54 E 24
[%23
[0} o 14
o £
& o F o
PBS PMyq PBS PMig
Figure 5

Effect of alveolar macrophage depletion on PM-induced alterations in hemostatic indices, thrombin generation, and arterial thrombosis. (A)
Measurements of hemostasis, including bleeding time, platelet count, PT, aPTT, and factor VIII activity. (B) TAT complex plasma levels. (C)
Time to occlusion of the carotid artery after the application of FeCls in PM- and PBS-treated wild-type mice depleted of alveolar macrophages
using liposomal clodronate. n = 5 in each treatment group.
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Figure 6

Effect of PM exposure on hemostatic indices, thrombin generation, and arterial thrombosis in /L6~ mice. (A) Measurements of hemostasis,
including bleeding time, platelet count, PT, aPTT, and factor VIII activity. (B) TAT complex plasma levels. (C) Time to occlusion of the carotid
artery after the application of FeCls in PM- and PBS-treated /L6~ mice. n = 5 in each treatment group.
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Figure 7

Effect of PM exposure on BAL
fluid total cell count and differ-
ential and the levels of inflam-
matory cytokines in /L6~ mice
and wild-type mice depleted
of alveolar macrophages. The
total cell count and differential
(A) and the levels of IL-6 and
other inflammatory cytokines
(B) in the BAL fluid were mea-

sured 24 hours after the intra-
tracheal instillation of PMy, or
PBS in wild-type mice treated
with liposomal clodronate. (C
and D) The same measure-
ments were performed in
IL6-- mice. *P < 0.05 for com-

[res
—

parison between PM and PBS
treated mice; **P < 0.05 for
comparison between sham-
treated and liposomal clodro-

nate—treated wild-type mice
exposed to PM and between
wild-type mice and /L6 mice
exposed to PM. n = 5 in each
treatment group.
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in the number of neutrophils. These results strongly suggest that
IL-6 exerts its effects downstream of the development of lung
inflammation. The central importance of lung inflammation in
the response to PM is further supported by our observation that
the increase in proinflammatory cytokines in the BAL fluid was
substantially larger than that observed in the plasma. This is the
same pattern that has been reported in other forms of injury that
primarily involve the lung (41).

The dose of PM we used in our in vivo model is comparable
to the dose used in previous animal models of PM exposure (8).
These investigators reported that the intratracheal instillation of
35 ug of PM to hamsters (8), whose minute ventilation is similar to
mice, is sufficient to induce intravascular thrombosis (42). More
importantly, the dose used is close to the range of PM to which
humans might be exposed. In 2002, the United States Environ-
mental Protection Agency reported a range of maximal city PMg
concentrations between 26 and 534 ug/m?3 (17). Many large cities
2958
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in the world have much higher levels of PM;o, with annual averages
0f 200 to 600 ug/m? and peak concentrations frequently exceeding
1,000 png/m?3 (43). Using the highest value in the United States and
assuming a minute ventilation of 6 I/min (~8.6 m3 over 24 hours)
for a healthy adult at rest, the total dose of PM inhaled over 24
hours would be 4,614 png. However, in other “mega cities” of the
world (43), the daily inhaled dose of particles may be as high as
20,000 pg. Exposure of a human to a daily dose of 4,614 ug of PM
would correspond to more than 35 ug of PM exposure for a mouse
(25 grams in size) with minute ventilation of 35-50 ml/min (44).
In summary, we report that the administration of moderate
doses of PM to mice results in the generation of IL-6 most likely
by alveolar macrophages. The generation of IL-6 is required for the
intravascular generation of thrombin induced by PM. These results
provide a potential mechanism linking airborne particulates with
the development of cardiovascular events and suggest the feasibil-
ity of modulating PM-induced thrombosis by targeting IL-6.
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Effect of PM exposure on systemic cytokines. Systemic levels of IL-6 and other inflammatory cytokines
were measured 24 hours after the intratracheal instillation of PMyq or PBS in wild-type mice, /L6~ mice,
and wild-type mice with alveolar macrophage depletion (treated with liposomal clodronate 48 hours
before treatment with PM or PBS). *P < 0.05 for comparison between PM- and PBS-treated mice,

n =5 in each treatment group.

Methods

PM. The PM was collected by baghouse from ambient air in Diisseldorf,
Germany. The particle sample was aerosolized from a turntable into a
small-scale powder disperser utilizing a high airflow to break up aggregates
in the Venturi throat. The characteristics of the PM have been previously
reported (16). We used PMjo in our experiments.

Animals and intratracheal administration of PM. The protocol for the use
of mice was approved by the Animal Care and Use Committee at North-
western University. We used 6- to 8-week-old (20-25 g) male C57BL/6 mice
(IL6*/* mice) and mice with targeted deletion of IL-6 (IL67; B6.129S2-
Il6"1%o¢f/]; The Jackson Laboratory). Mice were anesthetized with pento-
barbital (50 mg/kg intraperitoneally) and intubated orally with a 20-gauge
angiocath (45). We instilled either PM;, suspended in 50 ul of sterile PBS or
50 wl of sterile PBS (control) in 2 equal aliquots, 3 minutes apart. PM was

vortexed prior to instillation. After each aliquot the mice were placed in the
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(dichloromethylene diphosphonate) was
performed as previously described (47).
Clodronate (120 mg) was instilled into
mouse lungs following endotracheal intu-
bation 48 hours before instillation of PM
or saline. Depletion of macrophages was
confirmed by assessment of BAL fluid.

Carotid artery thrombosis and ultrasound (22). After adequate anesthesia
was achieved, the left carotid artery was dissected and a 0.5 x 1.0-mm strip
of Whatman No. 1 filter paper soaked in 10% FeCl; solution was applied
to the surface of the adventitia for 30 seconds. This led to a 2- to 3-mm-
long carotid thrombus. Both aorta and left common carotid artery were
visualized, and carotid blood flow was documented before and after FeCl;
application and monitored continuously using a cardiac ultrasound high-
resolution imaging/Doppler from parasternal long axis views. All imaging
was performed using the cardiovascular scanhead RMV 707B and Vevo
770 echocardiography equipment, which offers high resolution down to
30 um (Visualsonics Inc.).

Flow-cytometric analysis of platelets and alveolar macrophages. Mouse platelet
activation was analyzed by flow cytometry using a PE-conjugated antibody
against the pan-platelet antigen oypfPsa and a FITC-conjugated antibody
against the platelet activation marker P selectin (CD62P) (both antibodies
October 2007 2959
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from Emfret Analytics) in the absence or presence of ADP as previously
described (21). Briefly, blood was obtained from the retroorbital venous
plexus using a heparinized glass syringe and diluted (1:25) in Tyrode’s
buffer with CaCl,, then incubated with either a control antibody or FITC-
labeled anti-CD62P antibody with or without ADP (25 uM) and analyzed
using FACS gating by cell size and PE/FITC labeling.

Macrophages in the BAL fluid were measured as previously described
(48). Briefly, freshly obtained BAL fluid was centrifuged (600 g) and the
resulting pellet was washed twice in ice-cold PBS then resuspended in
PBS with 5% BSA containing a FITC-labeled antibody against the mac-
rophage antigen F4/80 (Spherotec), incubated with rotation for 30 min-
utes, washed in PBS, and resuspended in PBS with 0.5% PFA containing
DAPI (Invitrogen) and then analyzed by flow cytometry. The percentage
of macrophages was expressed as the percentage of DAPI-positive cells
that were also FITC positive.

Statistics. Results are expressed as mean + SD. The observed results were
similar in independently performed iterations of the experiment. Data were
analyzed using 1-way ANOVA. When ANOVA indicated that a significant
difference was present, we explored individual differences with the 2-tailed
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