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Recent studies in rodents indicate that intravenous or intra-
tracheal administration of ultrafine particles (UFP) increases
thrombogenesis in a surgically exposed peripheral vein after
photodynamic excitation of intravenously injected rose bengal
(RB). We sought to adapt the invasive peripheral vein RB model
to a noninvasive monitoring of ear veins under an inverted
microscope. Animals received one of the following: an intraperi-
toneal, intravenous bolus, or intravenously infused dose of RB. An
ear vein was illuminated by a green laser, and formation of
a thrombus was captured with a digital camera. Only continuous
intravenous infusion produced a steady-state RB plasma level and
reproducible thrombus responses in different ear veins of the same
rat. This system was then used to study the thrombogenic effects
of iv-administered positively or negatively charged 60-nm ultra-
fine polystyrene particles (PSP). Significant dose-dependent en-
hancement of thrombus formation was found, as indicated by
decreased laser illumination time to 33% of baseline values at
0.5 mg/kg. Negatively charged PSP of the same size failed to affect
thrombus formation. We also studied the thrombogenic effect of
PSP without the use of RB. The findings were the same as with
RB, although the illumination time had to be increased. When
0.5 mg/kg was instilled intratracheally, the laser illumination time
to form a thrombus was decreased to 42% of the baseline value,
suggesting translocation of UFP into the bloodstream. These
results are consistent with previous findings using the invasive
model, and they validate the use of this non-invasive ear vein
model to evaluate thrombogenic effects of UFP deposition in the
respiratory tract.

Key Words: ultrafine particles; polystyrene particles; thrombo-
sis; ear vein; rose bengal.

INTRODUCTION

Several epidemiological studies have shown associations of
ambient ultrafine particles (UFP; <100 nm in diameter) with
adverse respiratory and cardiovascular effects resulting in
morbidity and mortality in susceptible parts of the population
(Dockery et al., 1993; Pope et al., 2002; Wichmann and Peters,
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2000; Wichmann et al.,, 2000). The mechanisms for the
cardiovascular effects are not completely understood. However,
it has been suggested that the ultrafine component of particulate
matter can mediate these effects because these particles have
high deposition efficiency in all areas of the respiratory tract
(Frampton, 2001; Oberdorster et al., 1995). Numerous mech-
anisms for the cardiovascular effects have been proposed,
including alterations in the autonomic control of the heart,
ischemic responses in the myocardium, and inflammatory
responses triggering endothelial dysfunction and thrombosis
(Utell et al., 2002). However, an emerging idea is that, because
of their small size, UFP can translocate from the lungs into the
circulation and affect cardiovascular end points like blood
coagulation more directly (Berry et al., 1977; Nemmar et al.,
2004; Oberdorster et al., 2002). In support of this hypothesis,
studies by Nemmar et al. (2002; 2003a) showed that intra-
tracheally (IT) instilled and intravenously (iv) administered
ultrafine (60 nm) amine-modified polystyrene particles could
increase thrombus formation. The same group also showed that
more environmentally relevant pollutants like diesel exhaust
particles (0.5 pg/ml) can promote femoral venous thrombosis in
a dose-dependent manner when intratracheally instilled into
hamsters (Nemmar et al., 2003a, 2003b).

Understanding the mechanism by which UFP interact with
the vascular system requires the use of animal models of endo-
thelial injury. In fact, several such models has been developed,
including those in which injuries are produced mechanically
(Stockmans et al., 1991), electrically (Carmeliet et al., 1997),
chemically with FeCl; (Farrehi et al., 1998; Kurz et al., 1990)
and with lasers and photochemicals (Kawasaki et al., 1999,
2000; Kochevar et al., 1994; Nemmar et al., 2002; Roesken
et al., 1998) in large vessels such as the femoral vein or carotid
artery. Of particular interest to us was the Rose Bengal (RB)
thrombosis model. This model is based on the local photo-
dynamic generation of singlet molecular oxygen from sys-
temically injected RB that is illuminated with green light (GL,
540 nm) (Umemura et al., 1990). Peroxidative damage to
endothelial membranes provides the initial stimulus for platelet
adhesion and eventual formation of thrombi (Kochevar et al.,
1994; Saniabadi et al., 1995). Evaluation of thrombogenesis in
this system requires that the vessel of interest be mounted on
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a transilluminator, which allows visualization and imaging of
the growing thrombus. Factors affecting thrombus formation
include plasma RB concentration, time post RB administration,
and total exposure time to green light (Kawasaki et al., 1999;
Saniabadi et al., 1995). Also, manipulation of the vessel itself
can affect RB-induced endothelial responses, which can
contribute to increased variability of the results when using
this invasive technique. Therefore, the major objectives of this
article are (1) to adopt a noninvasive model without the
disadvantages associated with previous models and (2) to
validate this model for evaluating particle-induced thrombo-
genic effects by confirming the results of Nemmar et al. (2002)
indicating that iv and intratracheal administration of UFP
accelerates venous thrombus formation. This article presents
amodified version of the RB model in which the rat ear vessel is
used rather than exposing and manipulating the femoral vein. A
similar technique has been reported by Rosen ef al. (2001) in
which the ear vessels of C57BL6 mice were imaged in situ to
study differences between the RB- and laser-induced vascular
damage. These experiments demonstrated that this noninvasive
technique requires minimal handling and preparation of the
vessel, thereby reducing unwanted vascular effects. Also,
because the local injuries generated are small, there is no major
perturbation of the coagulation system and no significant
consumption of coagulation factors. Thus, multiple injuries
can be induced and recorded in a single animal (Rosen et al.,
2001), which allows for reduced numbers of animals per
experiment. In addition, the ear section can be excised, fixed,
and prepared for histology and immunohistochemical analyses
of local endothelial dysfunction markers such as fibrinogen,
endothelin, von Willebrand factor (Muller and Griesmacher,
2000), and P-selectin (Becker, 2001). More importantly, as our
data show, the ear vein model is useful in studying the
thrombogenic effects of particles administered to the lungs.

METHODS

Animals. Specific pathogen-free male Fisher 344 rats weighing 250-300 g
were group-housed in plastic cages with paper shavings (Alphadry) in our
AAALAC accredited vivarium, where they had free access to rodent chow and
water. Room temperature was maintained at 23°C with a 12 h light/dark cycle.
All protocols involving animals were approved by the University of Rochester
Committee on Animal Resources.

Rose Bengal route of administration. Animals received either intraperi-
toneal (ip, 200 mg/kg), iv bolus (10 mg/kg), or iv infused (24 mg/kg/h) doses of RB
in different experiments to characterize the kinetics of plasma RB accumulation
after each route of administration. For this purpose, blood was collected at different
times from the tail vein (125 pl) for up to 90 min after dosing. Briefly, a small
incision was made on the tail vein, from which half of a 250 pl heparinized blood
collecting tube was filled (VWR International, West Chester, PA). Bleeding was
stopped by applying pressure to the vessel. The same site was used for subsequent
collections. Blood was then transferred into a 0.250-ml microcentrifuge tube
covered with aluminum foil and centrifuged at 10,000 X g for 10 min to obtain
plasma. Rose Bengal was quantified in plasma via its absorbance at 549 nm. The
goal of these experiments was to select a method of RB administration that
achieves and maintains a stable RB plasma level.
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Rose Bengal thrombosis model. Rats were anesthetized with sodium
pentobarbital (30 mg/kg, ip) and placed supine on a heating pad (37°C). A
depilatory was used to remove hair from the ears. Both femoral veins were
exposed and cannulated with a 15-gauge metal catheter with a Silastic tubing
tip (0.025 in. inner diameter and 0.47 in. outer diameter). One femoral vein was
used for RB administration; the other, for intravenous administration of the
ultrafine particles. Animals were then placed on an inverted microscope stage
(Olympus 1X51, Olympus America Inc., Melville, NY) such that one ear rested
on a glass slide (1-mm-thick) in the optical path so that the blood vessels and
flow could be visualized with a digital camera (Spot Camera Software version
4, Spectra Services, Webster, NY). The ear was kept moist with saline
throughout the observation period, and body temperature was maintained
between 37°C and 38°C with the help of a heating lamp. A 2-mm green laser
beam (532 nm, 100 mW, Extreme Lasers, Seabrook, TX) was introduced to the
optical system from the back of the microscope through the 10X objective to be
focused on a small secondary or tertiary ear vein (70-90 um). To facilitate
focusing on the vein without inducing damage to the vessel, a neutral filter was
placed between the laser and the microscope objective. Light intensity at this
spot was measured with an optical power meter (Model 1815-C, Newport
Corporation, Irvine, CA) and was found to be close to 0.0 mW with the filter
and between 13 and 14 mW without the filter. At that time, separate sections of
the target ear vessel were illuminated (for 60—240 s) with the green light (GL,
13.5 mW) alone to determine the laser effect on the vessel, or the baseline
value. Rose Bengal was administered 5 to 10 min later, and the vessel was
illuminated (for 30-120 s) in different sections to determine the effect of RB
and GL on blood coagulation. In this way, each animal served as its own
control. Then UFP were either administered iv or instilled intratracheally (see
below under Aminated and Carboxylated Polystyrene Particles). After the
particles were in the system for 2 min, the vessel was illuminated (for 15-60 s)
repeatedly for 1 h, in different sections of the same vessel or of another vessel of
the same size, to study the effects of UFP on thrombus induction. In other
experiments, rats did not receive the photosensitive dye (Rose Bengal) prior to
particle administration, and local endothelial activation/injury was induced
with green laser illumination only.

To determine if the baseline value (effect of GL alone) changes with time,
a group of animals received iv saline instead of UFP, and illumination time
required to induced thrombus formation was assessed 10, 20, 30, and 60 min
thereafter. The same experiment was repeated 2 and 3 days after the initial
exposure in the same rat.

Thrombus formation is defined and evaluated as follows: A thrombus should
occur within a maximum of 30 s after GL exposure for the determination of
green laser illumination time. This illumination time is defined as the thrombus-
inducing time (TIT). Reproducibility of TITs was verified in a different spot on
the vein. Because TIT in the presence of RB (RB-TIT) is shorter than baseline-
TIT, RB-TIT was determined by starting with half of baseline-TIT; if
a thrombus was induced, the time was halved again, and so on. Likewise, this
principle of halving TIT was also applied after UFP dosing to determine
particle—induced-TIT (UFP-TIT). In contrast, if no thrombus was induced,
illumination time was doubled until UFP-TIT could be defined.

Aminated and carboxylated polystyrene particles. To validate the ear
vein model, experiments were performed using both ultrafine (60 nm)
aminated (positively charged) and carboxylated (negatively charged) poly-
styrene particles (Bangs Laboratories, Fishers, IN). Particles were sonicated for
15 min and vortexed prior to suspension in saline, as well as before iv and IT
administration to rats. To study their effects on coagulation as described
above, different doses of aminated (0.02, 0.5, and 50 mg/kg) and carboxylated
(0.1 and 50 mg/kg) particles were given in a volume of 250 pl after a steady
level of RB was reached by iv infusion. In experiments where RB was not used,
0.5 mg/kg dose of aminated particles was administered iv or IT 10 to 15 min
after baseline-TIT was determined.

Data analysis. Because our baseline-TIT measurements showed large
variability between different rats but were reproducible in the same
individual animal, we used the ratios of RB-TIT to baseline TIT or UFP-TIT
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FIG. 1. Plasma Rose Bengal (RB) concentration. Animals received either ip
(200 mg/kg, squares), iv bolus (10 mg/kg, triangles) or iv-infused (24 mg/kg/h,
circles) RB in different experiments. Blood was collected at different times
from the tail vein for up to 90 min; plasma RB was then quantified with
a spectrophotometer (549 nm). Data are expressed as mean + S.D. with n = 34
(ip and iv bolus) and n = 4-5 (iv infused).

to RB-TIT to assess the effects. Thus, a ratio of 1 would indicate no effect, and
a ratio of 0.5 a 50% reduction of illumination time to induce thrombus
formation. In experiments where rats did not receive RB prior to particle
administration, the effect was calculated as the ratio of UFP-TIT to baseline-
TIT. Results were analyzed for statistical differences by one-way analysis of
variance (ANOVA). Differences between groups were further analyzed with the
Tukey-Kramer multiple comparison test. Such differences were considered
significant when p < 0.05.

RESULTS

Initial experiments were aimed at optimizing RB plasma
levels and keeping them stable for an extended period. As
shown in Figure 1, the iv bolus dose resulted in a plasma RB
concentration that decreased rapidly 5 min after injection, while
the ip dose caused a continuous increase in plasma, even up to
90 min after RB administration. Thus, for either of these two
routes of administration, thrombus formation was not repro-
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ducible 20 to 30 min after the initial injury (data not shown). In
contrast, a steady-state level of 60 pg/ml RB in plasma was
reached after 30 min of iv infusion and was maintained for up to
90 min. Furthermore, the vascular injury was reproducible up to
60 min after reaching steady state. Therefore, subsequent
experiments were performed using iv infusion of RB.

Figure 2 illustrates how the ear vein is targeted at its center
with the green laser, resulting in the formation of an occlusive
thrombus after 120 s of GL illumination 40 min after the
beginning of RB infusion. Previous experiments showed that
when the laser power was 80 mW, most of the thrombi
generated were occlusive after 30 s of illumination with GL.
The occlusion caused cessation of blood flow, and therefore the
vessel could not be used for further studies. In contrast,
illumination with lower power (5 mW) did not produce
thrombus even after 10 min of illumination. However, when
the laser was slightly increased to 13.5 mW, injuries were
mostly sub-occlusive and different sections of the vessel
upstream from the injury could be used for other exposures.

When reproducibility of baseline TIT was studied in animals
injected with saline, it was observed that although the baseline
values between rats can be variable (from 30 s to 240 s), the
initial illumination time required to induce a thrombus after
saline injection did not change for at least 1 h (Table 1). This
shows that the system is stable and that experiments with
particles can be conducted within the hour. We further observed
that the baseline-TIT for a given rat did not change signif-
icantly between ears of the same rat, even 2 days after its first
determination (data not shown).

The model was then used to study the effect of UFP on
thrombogenesis. Ultrafine (60 nm) aminated-PSP—adminis-
tered intravenously 30 min after start of the RB infusion and
after RB-TIT was determined—significantly shortened the
illumination time to induce thrombus (UFP-TIT) when com-
pared to RB-TIT (Fig. 3). There was a dose-dependent decrease
from 0.02 to 0.5 mg/kg PSP, with a 67% reduction in RB-TIT
for the latter. This dose-dependent effect is in agreement with
the results of Nemmar et al. (2002); however, at a higher dose

FIG. 2. Rose Bengal-induced endothelial damage to the ear vein of a Fischer 344 rat. To allow visualization of the ear vein, animals were anesthetized
and placed on the stage of an inverted microscope. (a) The vessel prior to illumination with laser; (b) green laser aiming at the vein;(c) vessel immediately after the

120 s illumination with green light.
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TABLE 1 1.00
Stability of Baseline Values for Illumination Time
(without rose bengal) — *
= 0.75
. @
After saline £
2
*
Rat Baseline-TIT (s) 10 min 20 min 30 min 60 min g 0.50
[
1 30 30 30 30 30 ';
2 180 180 180 180 180 L:L) 0.25 -
3 240 240 240 240 240
Note. To allow visualization the vessel of interest, animals were anesthetized 0.00 .

and placed on the stage of an inverted microscope. The vessel was illuminated
with green light to determine the baseline TIT value. After 1015 min, rats
received iv saline (250 pl), and thrombus formation was assessed 10, 20, 30,
and 60 min thereafter to determine if elapsed time affects baseline value. It
was observed that although the baseline values between rats can be very
variable (from 30 s to 240 s), the initial illumination time required to induce
thrombogenesis does not change for at least 1 h after the first illumination.

of 50 mg/kg iv the thrombogenic response was lower, although
still significant (Fig. 3), indicating that the thrombus-inducing
mechanism was somehow affected but is not fully operational
at this extremely high dose. In contrast, neither 0.1 nor 50 mg/kg
of carboxylated PSP administered iv affected thrombus forma-
tion, indicating that the thrombogenic effect of iv-administered
UFP depends on particle surface properties (charge) and that
excessively high doses are less effective. These results confirm

1.00

0.75

0.50 1 *k

UFP-TIT/ RB-TIT

0.25 A

Baseline 0.02mg/kg 0.5mg/kg 50mg/kg
Aminated (+)

0.1mg/kg 50mg/kg
Carboxylated (-)

FIG. 3. Effect of intravenous ultrafine (60 nm) polystyrene particles in the
rose bengal (RB) iv infusion thrombosis model. Animals received different
doses of aminated (0.02, 0.5, and 50 mg/kg) and carboxylated (0.1 and 50 mg/kg)
particles 30 min after the start of RB iv infusion. Two minutes after adminis-
tration, the vessel was illuminated (for 15 s to 60 s) repeatedly for 1 h in
a different section of the same vessel or another vessel of the same size. To
determine particle effects, a ratio of UFP-TIT to RB-TIT was calculated. Thus,
a ratio of 1 would indicate no effect and a ratio of 0.5 a 50% reduction of
illumination time to induce a thrombus. Data are expressed as mean = S.D.,
with n = 3 for the 0.02 and 0.5 mg/kg doses and n = 4 for the higher dose.
*#Significantly different from baseline, p < 0.01. *Significantly different from
0.5 mg/kg dose, p < 0.05.

GL Baseline \% IT

FIG. 4. Effects of iv-administered and IT-instilled UF aminated-
polystyrene particles (0.5 mg/kg) on ear vein thrombosis without rose bengal.
Data are expressed as mean + S.D. with n = 3. *Significantly different from
baseline, p < 0.001.

data by Nemmar et al. (2002) and validate the use of the ear
vein model to study UFP-induced thrombogenesis.

To simplify this model further, the effect of animated
ultrafine PSP on coagulation was studied without RB. Because
of the absence of RB in this system, UFP-TIT was slightly
longer than with RB. As depicted in Figure 4, iv administration
of 0.5 mg/kg aminated PSP led to a significantly shorter (50%
reduction) UFP-TIT than baseline-TIT, similar to the results
obtained in the presence of RB. Likewise, IT instillation of
0.5 mg/kg aminated PSP resulted in a UFP-TIT 42% shorter
than baseline-TIT (p < 0.001).

DISCUSSION

Recent epidemiological studies associate people with di-
abetes, congestive heart failure, and myocardial infarction with
a greater risk of adverse events when exposed to airborne
particles (Bateson and Schwartz, 2004; Peters et al., 2001;
Zanobetti and Schwartz, 2001, 2002). The literature indicates
that susceptibility of these individuals might be related to the
fact that these diseases have dysfunctional endothelia as
a common denominator (Becker et al., 2001; Verma et al.,
2004). This condition will predispose the vessel wall to
vasoconstriction, increased leukocyte adherence, platelet acti-
vation, vascular activation, and thrombosis.

In vivo experimental models of thrombosis are essential for
understanding the mechanisms involved in thrombogenesis.
Most of the available models require extensive surgical
procedures that may inadvertently cause activation of the
coagulation system in the vessel of interest, thus affecting data
interpretation. Therefore, the aim of this study was to develop
an alternative model that is less invasive and that is independent
of RB, and to test its utility in the evaluation of previously
reported thrombogenic effects of UFP. We took advantage of
a recently published injury model in which damage was
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induced photochemically by illuminating the ear of C57BL6
mice with a green laser after injection with RB (Rosen et al.,
2001). In this model as well as ours, it was possible to focus the
laser beam through the objective of an inverted microscope to
create the injury on specific sections of the ear vessels.

The architecture of the ear vasculature varies among rats.
However, there are generally one or two primary veins
proximal to the head with a diameter of approximately 250
to 350 um. This primary vein is fed by secondary veins of 60 to
200 pm, which in turn are fed by tertiary vessels of 60 to 90 pm.
The smaller secondary vessels (70-90 pm) were used to
induce injury in this investigation to maintain anatomically
similar vascular parameters between experiments. The use of
microscopy allowed monitoring of thrombogenesis by trans-
illumination in real time (Gavins and Chatterjee, 2004; Rosen
et al., 2001; Stockmans et al., 1991).

The ear vein technique has several advantages. First, the
target vessel is easy to identify and does not have to be isolated
via invasive procedures. For instance, our approach only
requires that the ear of an anesthetized rat rests flat on a glass
slide to be imaged by a digital camera, thus avoiding unwanted
manipulation of the vessel. A drop of saline or distilled water is
enough to keep the ear flat for long periods of time. According
to Rosen et al., 2001, the ear can also be taped to the slide for
easy imaging. However, this may potentially induce some
pressure on ear vessels, and we did not find this to be necessary.
It is also important to mention that because of the noninvasive
nature of this technique, there is the additional benefit of better
animal care. In addition, because the injuries generated are
small, multiple injuries can be induced in both ears of the same
animal. We also found that baseline-TIT did not change in
vessels of both ears of the same rat, even 2 to 3 days after the
first determination. This will result in a reduced number of
animals used per experiment. Because fluctuations in RB
plasma concentration affect the severity of the endothelial
response (Saniabadi et al., 1995), another advantage of our
model is that RB iv infusion produces a steady-state plasma
level of the photosensitive dye within 30 min. Our data show
that this steady-state concentration of RB (60 pg/ml) produces
a constant and reproducible vascular response within the same
animal even 60 min after the start of the iv infusion.

To validate our model for its use in the study of UFP-induced
thrombosis, we used surface-modified polystyrene particles
(PSP) 60 nm in diameter. Although not environmentally relevant,
PSP offer the advantage of being well characterized in size, are
not cytotoxic (Nemmar et al., 2002), and may represent a model
for engineered nanoparticles. The thrombogenic potential of
these particles has previously been documented in a peripheral
model of experimental thrombosis in hamsters (Nemmar et al.,
2002). In these studies, iv-administered positively charged PSP
enhanced thrombus formation by 219% (50 pg/kg) and 307%
(500 pg/kg) when compared to saline controls, whereas nega-
tively charged particles at similar doses did not affect thrombus
formation. Our results confirm the data of Nemmar et al., because
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iv administration of different doses of aminated PSP induced
dose-dependent significant reductions in RB-TIT, indicating
accelerated development of thrombosis in the presence of these
UFP. It appears, though, that the dose-dependent thrombo-
genic effect of positively charged PSP is limited to a certain dose
range. At a very high dose of 50 mg/kg this effect was weaker,
although still significant (Fig. 3). A likely explanation is that at
this high dose, administrated in a small volume of 250 pl, PSP
agglomerate quickly to form larger clusters which may not be as
effective in inducing thrombi. Indeed, Nemmar et al. (2003a)
have reported that larger 400-nm particles were not thrombogenic
in their model.

Thus, our results using the noninvasive ear vein model and
those of Nemmar er al. (2002; 2003a) using the femoral vein
model agree quite well with each other with respect to the
thrombus-inducing potential of positively charged PSP, as well
as with respect to lack of such potential for negatively charged
PSP. This agreement between our results and those of Nemmar
et al. (2002) demonstrates the usefulness of our noninvasive
model of in vivo thrombus formation.

However, quantification of thrombus formation as we
assessed it can still be improved in the ear vein model. As
described earlier under Methods, thrombus formation is de-
termined as a fraction of RB-TIT based on an immediate
response after green laser illumination; i.e., laser illumination
time is changed. In contrast, Nemmar and colleagues measured
thrombus development for a longer period (40 min) without
changing laser illumination time, and they used computer
software to quantify the intensity of the injury. Our laboratory
is working on the development of a procedure to quantify the
damage in our ear model using a similar computerized image-
processing system and keeping the laser illumination time
constant.

In an effort to further simplify our model and reduce the
number of variables in each experiment, we explored the effect
of UFP on thrombus formation after direct laser injury without
the use of RB. We observed that illumination time in this
system was slightly higher than with the RB model. With this
model, rats then received 0.5 mg/kg aminated-PSP iv, and
thrombus formation was assessed. It was found that thrombo-
genesis in the presence of UFP was significantly increased
(51% reduction in TIT) after administration of these positively
charged PSP (Fig. 4). This response was comparable to the
earlier studies in our RB ear model in which aminated-PSP
reduced illumination time to 33% of baseline-TIT. Together,
these data indicate that the thrombogenic effect of these
particles is independent of RB. With respect to the mechanism
of thrombus induction by GL alone, Rosen et al. (2001) showed
that direct green laser illumination without RB induces
significant endothelial injury (highly vacuolated cells) without
denuding the vessel, leading to adhesion of numerous platelets
and polymorphonuclear leukocytes (PMNs). Our data showing
that IT instillation of aminated PSP induces a significant
reduction in TIT in much the same way that iv injected PSPs
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do support the hypothesis that ultrafine particles translocate out
of the lung and can directly affect thrombus formation. The
time course of response (i.e., thrombus induction very soon
after I'T administration) adds further support to this hypothesis.
If a lag in thrombus induction after IT administration were
observed, this would suggest that inflammatory mediators are
required for the effect instead of direct contact of the particles
with endothelial cells, platelets, and/or circulating inflamma-
tory cells. This has also been suggested by Nemmar et al.
(2004). We conclude that this simplified version of the rat ear
vein model, without the use of RB, has a number of advantages
and is a valid alternative to the classical femoral vein model.

Further studies are needed to determine the mechanism of
UFP-induced thrombogenesis. Interestingly, an article by Berry
et al. (1977) presented the first evidence that UFP can indeed
translocate from the lung into the bloodstream and accumulate
inside blood platelets. In their studies, IT-administered ultrafine
(30 nm) colloidal gold particles were identified inside blood
platelets in alveolar capillaries of Wistar rats as soon as 30 min
after instillation, indicating that platelets may be important
target cells for UFP translocating across the alveolar-capillary
barrier. The importance of platelets in thrombogenesis in-
duction by airborne ambient UFP has further been demonstrated
by showing that platelet activation time was significantly
shortened after adding diesel exhaust particles to untreated
hamster blood (Nemmar e al., 2002). Thus, we hypothesize that
once UFP reach platelets they can induce platelet activation,
resulting in their aggregation after interaction with injured or
activated endothelial cells. Ultrafine particles could, for exam-
ple, induce expression of CD40 ligand (CD40L), a transmem-
brane protein expressed in activated platelets and endothelial
cells that has been associated with increased risk of cardiovas-
cular events (Vishnevetsky et al., 2004).

Thus, the objective of our future studies will be to determine
the contribution of inhaled environmental UFP in thrombus
induction in the noninvasive ear vein model.

ACKNOWLEDGMENTS

Thanks for the excellent technical assistance of Nancy Corson, Robert
Gelein, and Pamela Mercer. These studies were performed with partial support
of National Institute of Environmental Health Sciences (NIEHS), National
Institutes of Health, training grant (ES07026); Environmental Protection
Agency (EPA) Particulate Matter Center grant (R827354); and grants from
National Science Foundation (BES0427262) and the Department of Defense
(FA9550).

REFERENCES

Bateson, T. F., and Schwartz, J. (2004). Who is sensitive to the effects of
particulate air pollution on mortality? A case-crossover analysis of effect
modifiers. Epidemiology 15, 143—149.

Becker, R. C. (2001). Markers of platelet activation and thrombin generation.
Cardiovasc. Toxicol. 1, 141-145.

SILVA ET AL.

Berry, J. P., Arnoux, B., Stanislas, G., Galle, P., and Chretien, J. (1977). A
microanalytic study of particle transport across the alveoli: Role of blood
platelets. Biomedicine 27, 354-357.

Carmeliet, P., Moons, L., Stassen, J. M., De Mol, M., Bouche, A., van den Oord,
J. J., Kockx, M., and Collen, D. (1997). Vascular wound healing and
neointima formation induced by perivascular electric injury in mice. Am. J.
Pathol. 150, 761-776.

Dockery, D. W., Pope, C. A., Xu, X., Spengler, J. D., Ware, J. H., Fay, M. E.,
Ferris, B. G., and Speizer, F. E. (1993). An association between air pollution
and mortality in six U.S. cities. N. Engl. J. Med. 329, 1753-1759.

Farrehi, P. M., Ozaki, C. K., Carmeliet, P., and Fay, W. P. (1998). Regulation of
arterial thrombolysis by plasminogen activator inhibitor-1 in mice. Circu-
lation 97, 1002-1008.

Frampton, J. (2001). Systemic and cardiovscular effects of airway injury and
inflammation: Ultrafine particle exposure in humans. Environ. Health
Perspect. 109, 529-532.

Gavins, F. N., and Chatterjee, B. E. (2004). Intravital microscopy for the study
of mouse microcirculation in anti-inflammatory drug research: Focus on the
mesentery and cremaster preparations. J. Pharmacol. Toxicol. Methods 49,
1-14.

Kawasaki, T., Dewerchin, M., Lijnen, H. R., Vermylen, J., and Hoylaerts, M. F.
(2000). Vascular release of plasminogen activator inhibitor-1 impairs
fibrinolysis during acute arterial thrombosis in mice. Blood 96, 153-160.

Kawasaki, T., Kaida, T., Arnout, J., Vermylen, J., and Hoylaerts, M. F. (1999).
A new animal model of thrombophilia confirms that high plasma factor VIII
levels are thrombogenic. Thromb. Haemost. 81, 306-311.

Kochevar, I. E., Bouvier, J., Lynch, M., and Lin, C. W. (1994). Influence of dye
and protein location on photosensitization of the plasma membrane.
Biochim. Biophys. Acta 1196, 172—180.

Kurz, K. D., Main, B. W., and Sandusky, G. E. (1990). Rat model of arterial
thrombosis induced by ferric chloride. Thromb. Res. 60, 269-280.

Muller, M. M., and Griesmacher, A. (2000). Markers of endothelial dysfunc-
tion. Clin. Chem. Lab. Med. 38, 77-85.

Nemmar, A., Hoylaerts, M. F.,, Hoet, P. H. M., Dinsdale, D., Smith, T., Xu, H.,
Vermylen, J., and Nemery, B. (2002). Ultrafine particles affect experimental
thrombosis in an in vivo hamster model. Am. J. Respir. Crit. Care Med. 166,
998-1004.

Nemmar, A., Hoylaerts, M. F., Hoet, P. H. M., and Nemery, B. (2004). Possible
mechanisms of the cardiovascular effects of inhaled particles: Systemic
translocation and prothrombotic effects. Toxicol. Lett. 149, 2443-2253.

Nemmar, A., Hoylaerts, M. F., Hoet, P. H. M., Vermylen, J., and Nemery, B.
(2003a). Size effect of intratracheally instilled particles on pulmonary
inflammation and vascular thrombosis. Toxicol. Appl. Pharmacol. 186,38-45.

Nemmar, A., Nemery, B., Hoet, P. H., Vermylen, J., and Hoylaerts, M. F.
(2003b). Pulmonary inflammation and thrombogenicity caused by diesel
particles in hamsters: Role of histamine. Am. J. Respir. Crit. Care Med. 168,
1366-1372.

Oberdorster, G., Gelein, R. M., Ferin, J., and Weiss, B. (1995). Association of
particulate air pollution and acute mortality: Involvement of ultrafine
particles? Inhalation Toxicol. 7, 111-124.

Oberdorster, G., Sharp, Z., Atudorei, V., Elder, A. C. P, Gelein, R., Lunts, A.,
Kreyling, W., and Cox, C. (2002). Extrapulmonary transloction of ultrafine
carbon particles following whole-body inhalation exposure of rats.
J. Toxicol. Environ. Health A 65, 1531-1543.

Peters, A., Dockery, D. W., Muller, J. E., and Mittleman, M. (2001). Increased
particulate air pollution and the triggering of myocardial infarction (clinical
investigation and reports). Circulation 103, 2810-2815.

Pope, C. A., III, Burnett, R. T., Thun, M. J., Calle, E. E., Krewski, D., Ito, K.,
and Thurston, G. D. (2002). Lung cancer, cardiopulmonary mortality,
and long-term exposure to fine particulate air pollution. JA.M.A. 287,
1132-1141.



RAT EAR VEIN STUDY OF THROMBOGENICITY OF UFP

Roesken, F., Vollmar, B., Rucker, M., Seiffge, D., and Menger, M. D. (1998). In
vivo analysis of antithrombotic effectiveness of recombinant hirudin on
microvascular thrombus formation and recanalization. J. Vasc. Surg. 28,
498-505.

Rosen, E. D., Raymond, S., Zollman, A., Noria, F., Sandoval-Cooper, M.,
Shulman, A., Merz, J. L., and Castellino, F. J. (2001). Laser-induced
noninvasive vascular injury models in mice generate platelet- and
coagulation-dependent thrombi. Am. J. Pathol. 158, 1613-1622.

Saniabadi, A. R., Umemura, K., Matsumoto, N., Sakuma, S., and Nakashima,
M. (1995). Vessel wall injury and arterial thrombosis induced by a photo-
chemical reaction. Thromb. Haemost. 73, 868-872.

Stockmans, F., Deckmyn, H., Gruwez, J., Vermylen, J., and Acland, R.
(1991). Continuous quantitative monitoring of mural, platelet-dependent,
thrombus kinetics in the crushed rat femoral vein. Thromb. Haemost. 65,
425-431.

Umemura, K., Kohno, Y., Matsuno, H., Uematsu, T., and Nakashima, M.
(1990). A new model for photochemically induced thrombosis in the inner
ear microcirculation and the hearing loss as a measure for microcirculatory
disorders. Eur. Arch. Otorhinolaryngol. 248, 105-108.

989

Utell, M., Frampton, M., Zareba, W., Devlin, R., and Cascio, W. (2002).
Cardiovascular effects associated with air pollution: Potential mechanisms
and methods of testing. Inhalation Toxicol. 14, 1231-1247.

Verma, S., Szmitko, P. E., and Anderson, T. J. (2004). Endothelial function:
Ready for prime time? Can. J. Cardiol. 20, 1335-1339.

Vishnevetsky, D., Kiyanista, V. A., and Gandhi, P. J. (2004). CD40 ligand: A
novel target in the fight against cardiovascular disease. Ann. Pharmacother.
38, 1500-1508.

Wichmann, H.-E., and Peters, A. (2000). Epidemiological evidence of the effects
of ultraifne particle exposure. Phil. Trans. R. Soc. Lond. A 358, 2751-2769.

Wichmann, H.-E., Spix, C., Tuch, T., Wolke, G., Peters, A., Heinrich, H.,
Kreyling, W. G., and Heyder, J. (2000). Daily mortality and fine and ultrafine
particles in Erfurt, Germany. Part I: Role of particle number and particle
mass. Res. Rep. Health Eff. Inst. 98, 5-86.

Zanobetti, A., and Schwartz, J. (2001). Are diabetics more susceptible to the health
effects of airborne particles? Am. J. Respir. Crit. Care Med. 164, 831-833.

Zanobetti, A., and Schwartz, J. (2002). Cardiovascular damage by airborne
particles: Are diabetics more susceptible? Epidemiology 13, 588-592.



